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Introduction

During the 1930s a new biology came into being that by the late 1950s was to
endow scientists with unprecedented power over life. These three decades culmi-
nated in the elucidation of the self-replicating mechanisms of DNA and an expla-
nation of its action in terms of information coding, representations that laid the
cognitive foundations for genetic engineering. Scientists could now manipulate
genes on the most fundamental level and attempt to control the course of biological
and social evolution; they laid claim to "the secret of life."

The new biology, which became known as molecular biology, emerged as a
dominant disciplinary trend. Its molecular vision of life promised to function as
Occam's razor, paring down the convoluted explanations offered by traditional
biological fields. This new science did not just evolve by natural selection of ran-
domly distributed disciplinary variants, nor did it ascend solely through the com-
pelling power of its ideas and its leaders. Rather, the rise of the new biology was
an expression of the systematic cooperative efforts of America's scientific estab-
lishment—scientists and their patrons—to direct the study of animate phenomena
along selected paths toward a shared vision of science and society.

The aim of this book is to understand the historical process that propelled
molecular biology to its dominant disciplinary status by uncovering the motivations
and mechanisms empowering its ascent. It does so by focusing on two key insti-
tutions: the Rockefeller Foundation and the California Institute of Technology. As
has been well documented, the Rockefeller Foundation served as the principal
patron of molecular biology from the 1930s to the 1950s1; Caltech, a primary site
for implementing the Foundation's project, became the most influential interna-
tional center for research and training in molecular biology. Why did the Rocke-
feller Foundation launch and sustain with massive support a new biology program
at that moment in history? From the entire range of contemporary biological in-
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4 MOLECULAR VISION OF LIFE

terests, why did scientists and their patrons privilege and promote a molecular study
of life? Why was Caltech selected as a primary site, and what accounted for its
remarkable influence? Studied together, the trails leading to the answers reveal a
synergy between intellectual capital and economic resources, a potent convergence
of scientific goals and social agendas, shaped initially by the cultural imperatives
of the interwar period and later modified by the experience of World War II.

Some preliminary directions would be helpful before embarking on these trails.
Specifically, a clarification of terms and meanings accompanies the delineation of
the constitutive elements of the primary argument.

Molecular Biology (A New Biology?)

The term molecular biology and the authentic novelty of the field have been a
subject of some debate among scientists and historians. Coined in 1938 by Warren
Weaver, the director of the Rockefeller Foundation's natural science division, the
term was intended to capture the essence of the Foundation's program: its emphasis
on the ultimate minuteness of biological entities.2 However, if by "molecular bi-
ology" one means the program sponsored by the Rockefeller Foundation, this
definition would include many practitioners of life science (e.g., biophysics and
immunochemistry) not typically associated with the term. Current parlance tends
to equate molecular biology with DNA molecular genetics, a definition that would
exclude most of the research in life science during the 1930s and 1940s. To com-
plicate matters further, it appears that some scientists who would never have iden-
tified themselves as molecular biologists were retroactively, in light of the high
status of molecular biology during the 1960s, all too eager to reconstruct their
careers as part of the molecular biology success story. Others, especially bio-
chemists, resisted the sweeping of their parent disciplines into the whirlwind of
hybridization.3

In light of these divergent meanings of the term molecular biology, it is necessary
to outline a set of criteria that together explain and justify use of the term in this
study. Even though separately some of these structural features of molecular biology
were not novel, assembled and amplified in a single program they eventually did
constitute a coherent intellectual and institutional framework that departed sharply
from traditional modes of biological research.

1. Programmatic statements about the newness of the new biology were not
limited to its patrons. The new biology, as geneticist Thomas Hunt Morgan put it
in 1928, stressed the unity of life phenomena common to all organisms rather than
the diversity. Thus the new biology would concentrate, for example, on respiration
or on reproduction as a central biological (in contradistinction to biochemical)
problem, regardless of whether the object of study was a mammal or a bacterium.4

2. Based on this rationale, it became far more convenient to study fundamental
vital phenomena on their minimalist levels. Thus the new biology increasingly
employed simple biological systems—primarily bacteria and viruses—as phe-
nomenological probes or as conceptual models (the line of thinking that led to
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Jacques Monod's notorious dictum that what is true for the bacterium is true for
the elephant).

3. By cleaving life processes from their host organisms, the molecular biology
program aimed to discover general physicochemical laws governing vital phenom-
ena. In so doing it distanced its concerns from emergent properties, from interactive
processes occurring within higher organisms, between organisms (e.g., symbiosis),
and between organisms and their environments, thus bracketing out of biological
discourse a broad range of phenomena generally subsumed under the term "life."
Concomitantly, this physicochemical approach bypassed historical explanations in
biology and developmental and evolutionary accounts of life processes—the arrow
of time. The new biology generally acknowledged only mechanisms of upward
causation, ignoring the explanatory role of downward causation.

4. It would borrow methods not only from physics, mathematics, and chemistry
but also from other fields of life science—genetics, embryology, physiology, im-
munology, microbiology. The new biology aimed to transcend disciplinary bound-
aries and employ whatever tools the problem at hand demanded. Although the
transfer of techniques between fields was certainly not new, the design of a large-
scale program based on interdisciplinary research encompassing several disciplines
was unprecedented.

5. By defining life in terms of fundamental physicochemical mechanisms, mo-
lecular biology ultimately narrowed its principal focus to macromolecules; and until
the mid-1950s it meant primarily the "giant protein molecules." Molecular biology
was based on the protein paradigm, the premise that the salient features of life—
reproduction, growth, neural function, immunity—could be explained through the
structures and functions of proteins. In fact, guided by the protein paradigm,
research on antibodies occupied a key position within the new biology. This im-
portant chapter, however, has been written out of the history of molecular biology.

6. Molecular biology thus defined the locus of life phenomena principally at the
submicroscopic region between 10~6 and 10"7 cm. That this region was the main
functional domain of the new biology had immense consequences for the form and
content of research.

7. This domain could be investigated primarily with complex and sophisticated
apparatus, specifically designed to investigate life at this range of dimensions.
Whereas only a couple of decades earlier biology laboratories housed mainly mi-
croscopes, petri dishes, and autoclaves, the new biology laboratories displayed an
imposing technological landscape. Electron microscopes, ultracentrifuges, electro-
phoresis, spectroscopy, x-ray diffraction, isotopes, and scintillation counters be-
came the sine qua non of biological research.

8. The cognitive focus on the molecular level also shaped the social structure
of research. Partly because of the interdisciplinary nature of the problems to be
investigated and partly because of the complexities and costs of the new apparatus
and the intricacies of the techniques, research problems were often defined by the
instruments designed to examine them and were increasingly addressed as team
projects. Molecular biology studies thus entailed structural changes in the orga-
nization of departments and laboratories and the prizing of cooperation as an
institutional strategy and a personal ethos.
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One important disciplinary consequence of these characteristics of molecular
biology was the loosening of the traditional grip of medicine over biological re-
search. Whereas in the past biological research was shaped by the extent of its
service role to medical schools (and, to a lesser extent, agriculture), the new biology,
which focused on fundamental physicochemical explanations, microorganisms, and
submicrosocopic processes, had only indirect links to medicine.5 As it turned out,
the medical connection did affect the growth of molecular biology (even at Caltech)
but in a convoluted and variable manner. During the 1930s, however, the designers
of molecular biology carved for it a spacious, medicine-free niche within the dis-
ciplinary ecology of life science. They intended to create a new science of life, a
science whose tributaries eventually converged on the molecular study of the gene.

Rockefeller Foundation: Knowledge and Cultural Hegemony

The cognitive and structural reconfigurations of molecular biology were greatly
facilitated through the powerful resource base of the Rockefeller Foundation. Dur-
ing the years 1932-1959 the Foundation poured about $25 million into the molecular
biology program in the United States, more than one-fourth of the Foundation's
total spending for the biological sciences outside of medicine (including, from the
early 1940s on, enormous sums for agriculture). Although there was a great deal
of fluctuation in the annual expenditures for science during that 25-year period,
the pre-World War II level of Rockefeller Foundation support for molecular biology
amounted on average to about two percent of the entire federal budget for scientific
research and development. This figure gains significance when we consider that
the lion's share of government support for the life sciences went to agricultural
research. When we also include the indirect effects of the Foundation's support
for molecular biology in Europe and its massive support for biomedical research,
the financial resources for molecular biology become even more impressive. It is
clear that the Rockefeller Foundation was in a strong position to shape fields in
life science that fell outside the scientific domain of the federal government.6

The Foundation's power to shape life science transcended the dollar amount of
its investment; its effectiveness lay in creating and promoting institutional mech-
anisms of interdisciplinary cooperation through extensive systems of grants and
fellowships, and in systematically fostering a project-oriented, technology-based
biology. As the correspondence files, reports, and diaries of the officers reveal,
during the 1930-1950s the Rockefeller projects became densely interwoven with
the scientific agenda of those universities that were heavily supported through the
Foundation's molecular biology program. The Foundation's network permeated
their academic infrastructures; a significant number of Rockefeller trustees held
top administrative positions in the universities. The Foundation officers cultivated
advisers and contacts in nearly every discipline and had detailed knowledge of the
academic traffic; the officers became central to what in effect became an informal
peer review system. It was not uncommon for scientists and administrators to
consult the Foundation's grapevine regarding academic appointments, reputations,
personalities, travel, and potential projects. Weaver was even invited to sit in on
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faculty meetings; and within the limits of professional discretion and philanthropic
etiquette, the officers were pleased to be closely involved on many interlocking
levels of the scientific enterprise.

One of the strongest motives for redirecting academic practice and for creating
institutional mechanisms compatible with the Foundation's design was the drive
toward cooperation, a key feature in the molecular biology program. Cooperation
did not mean just collaboration—the grass-roots, spontaneous activity of scientists
sharing theoretical and experimental tools. Interdisciplinary cooperation, with its
emphasis on group projects, was a long-range strategy and an overarching philos-
ophy. Inaugurated in 1933, the molecular biology program was planned as part of
a joint venture between the divisions of natural, medical, and social sciences. Within
the natural science division, the molecular biology program itself was cooperative
on several levels: among biological disciplines and between biology and the physical
sciences. Again and again, as one reads through the Rockefeller reports, one is
struck by the constant references to various projects as "the isotope group," "the
protein group," or the "Neurospora group." One is also struck by the special
attention to what the Foundation referred to as "cooperative individualists," men
whose intellectual enterprise included a managerial temperament.

The term "cooperation" had an even broader meaning. It was more than an
institutional strategy for fostering interdisciplinarity. As a modification of the ex-
tremes of laissez-faire, cooperation was a political and economic ideology of the
evolving corporate structures of post-World War I America, specifically science,
industry, and business. The reorganization of biology around the standard of co-
operation reflected the broader reorganization of American science during the
Great War and the restructuring of social relations in corporate America. Mirroring
its industrial and business sponsors, the new scientific enterprise no longer extolled
the virtuosity of the individual. Just as the multiunit business structures depended
on the team player and the coordinating manager, so the new science relied on
management and group projects directed toward interdisciplinary cooperation. There
was a remarkable commensurability between levels: between the goals of the new
program and the institutional structures that supported it, between ideology and
form.

Similarly, the infusion of massive and sophisticated apparatus into biology must
also be understood on several levels of significance. Instruments are not mere
devices for discovering objective reality but complex processes of intervention for
representing nature, processes that alter nearly all aspects of scientific practice.
The new technologies not only raised the cost of research, they brought about
structural changes. With large-scale commercial equipment almost unknown before
World War II, new instruments often had to be constructed in situ. Workshops
and special rooms had to be built to house the new equipment, thereby greatly
expanding not only the budget but also the physical space of biological laboratories.
These technologies also demanded a type of technical expertise that allied biology
more closely with the physical sciences and engineering; this alliance too was part
of the Foundation's goal.

More fundamentally, the reification of the molecular level as the essential locus
of life, with the attendant reorientation of laboratory practice, altered the episte-
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mological foundations of biological research, making the representation of life
contingent upon technological intervention. Conceived at the twilight of an era
characterized by its faith in technology and business, the design of the new biology
not only reflected the particular bias of its principal architects—physicist Max
Mason and mathematician Warren Weaver—but the more general bias of a tech-
nocratic elite who had dominated American culture during the 1920s. Simon Flex-
ner, Rockefeller Foundation trustee and director of the Rockefeller Institute for
Medical Research, in 1934 disapproved of the new program. Not only did he
question the soundness of a biology managed by physicists, he doubted that a
collection of instruments and techniques constituted a new biology. In ways that
Flexner had not envisioned, the program did just that.7

The force of the Foundation's molecular biology program, and especially the
effective management of Warren Weaver, have been amply acknowledged and
debated. Caltech geneticist and Nobel Laureate George Wells Beadle observed
that during the dozen years following 1953 (the elucidation of DNA structure)
Nobel prizes were awarded to 18 scholars for research into the molecular biology
of the gene, and all but one were either fully or partially sponsored by the Rocke-
feller Foundation under Weaver's guidance. Not only did Weaver help shape Bea-
dle's scientific path, he influenced the careers of hundreds of others, inside and
outside the field of molecular biology.8

Historians of science have offered divergent interpretations of the pervasive
influence of the molecular biology program and Weaver's influential role. They
have ranged from celebration to condemnation: The program was fruitful and
innovative; the program was elitist and conservative, merely a process of technology
transfer; it was a subversion of biological knowledge and of the academic order.
All have concurred, however, that the program did have a profound impact on life
science.9 Although several works have examined the structures, mechanisms, and
effects of the Foundation's molecular biology program, only scant attention has
been paid to the broader intellectual and social agenda within which the program
was nested. Little has been said about the inscribed cultural and ideological premises
or the historical forces underlying the development of a molecular framework for
the study of animate phenomena.

This book addresses this lacuna by situating the molecular biology program
within the Rockefeller Foundation's "Science of Man" agenda, thereby viewing
the program as both a scientific and a cultural enterprise. The motivation behind
the enormous investment in the new agenda was to develop the human sciences
as a comprehensive explanatory and applied framework of social control grounded
in the natural, medical, and social sciences. Conceived during the late 1920s, the
new agenda was articulated in terms of the contemporary technocratic discourse
of human engineering, aiming toward an endpoint of restructuring human relations
in congruence with the social framework of industrial capitalism. The support for
life science must be seen within that larger investment in the human sciences. Within
that agenda, the new biology (originally named "psychobiology") was erected on
the bedrock of the physical sciences in order to rigorously explain and eventually
control the fundamental mechanisms governing human behavior, placing a partic-
ularly strong emphasis on heredity.



INTRODUCTION 9

This conjunction of cognitive and social goals had a strong historical connection
to eugenics, to its promise and perils. By 1930 the Rockefeller Foundation had
supported a number of eugenically directed projects. By the time of the inaugu-
ration of the "new science of man," however, the goal of social control through
selective breeding had suffered severe setbacks. As an intellectual program, eu-
genics guided by the crude principles of Charles B. Davenport had lost much of
its force; and as a social movement it carried the stigma of racial prejudice and
political propaganda. Eugenics as such became a scientific liability. The quest for
rationalized human reproduction, however, never quite lost its intuitive appeal
(even when it was later modified by the Nazi experience). For the architects and
champions of a science-based technological utopianism, human engineering through
controlled breeding remained a compelling social vision.

Thus one of the subarguments of this book is that eugenic goals played a sig-
nificant role in the conception and design of the molecular biology program, an
argument that hinges on the politics of meaning. Precisely because the old eugenics
had lost its scientific validity, a space was created for a new program that promised
to place the study of human heredity and behavior on rigorous grounds. A concerted
physicochemical attack on the gene was initiated at the moment in history when it
became unacceptable to advocate social control based on crude eugenic principles
and outmoded racial theories. The molecular biology program, through the study
of simple biological systems and the analyses of protein structure, promised a surer,
albeit much slower, way toward social planning based on sounder principles of
eugenic selection. Time was seldom a deterrent for the visionaries of the Rockefeller
Foundation. As Wickliffe Rose, head of the International Education Board, used
to remind his pragmatic colleagues, "Remember we are not in a hurry." Moreover,
as Raymond Fosdick, trustee and later president of the Rockefeller Foundation,
acknowledged during the 1920s, in the quest for enlightened social control, "There
is no royal road to the millennium, no short cut to the Promised Land."10

Indeed, support of the human sciences by the Rockefeller philanthropies did
not begin during the early 1930s with their "Science of Man" agenda. By then they
had supported biology for about 15 years and had been the main force behind the
development of the social sciences in America. Scholars have generally concurred
that the Rockefeller philanthropies have played a leading role in shaping the human
sciences, and that their projects were in large measure an effort to build a base of
technical expertise in order to lay a rational foundation for social reform. However,
the meanings and interpretations of the Foundation's motives and its impact have
diverged. The political significance of such terms as "technical expertise," "rational
foundation," and "social reform" have been contested; and studies of the moti-
vations behind the wholesale promotion of specific intellectual programs and in-
stitutional structures span a wide spectrum of approaches. They range from Marxian
analyses to liberal perspectives, from arguments of economic determinism to claims
of intellectual autonomy.11

Circumventing these interpretive dichotomies, this book examines the directed
autonomy of leading practitioners of molecular biology sponsored by the Rocke-
feller program. We shall see how the social goals of the private sector—as indi-
viduals and collectively—interacted with the research goals of these life scientists
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in a mutually enhancing manner, as a nuanced process of consensus formation.
The reference to the private sector encompasses industry, foundations, and indi-
vidual donors (usually of industrial fortunes). My analysis does not place the Rocke-
feller philanthropies outside the ideological framework of the business ventures
that gave rise to them. The corporate structure of the philanthropic enterprise
mirrored the structure of the business corporation; and the visions of the Foun-
dation's trustees, leaders of business and industry, reflected their ideologies and
social world. True, legal distinctions such as tax laws and nonprofit status did
differentiate these quasipublic institutions from their parent corporations, but they
are proximate mechanistic causes.

Programmatic statements, reports, and memoranda from the various Rockefeller
divisions attest that on social and ideological levels there was no fundamental
separation of purpose between the heads of corporations and the leadership of the
Foundation. Drawn primarily from the business sector, the Rockefeller trustees
exerted their ideological and economic influence on general policies and on specific
grants (trustees' approval of academic projects was a continuous concern for the
Foundation's officers).12 Animated by a potent conjunction of Protestant values
and technocratic visions, the Foundation's civic missions were formulated within
the dominant cultural categories of race, class, and gender, as well as within a
socioeconomic framework that defined norm and deviance for individuals and
groups. The Rockefeller philanthropies cultivated scientific and managerial elites
in order to address the root causes of social dysfunction: culturally specific and
historically contingent forms of maladjustment. Their projects aimed to restructure
human relations and to develop social technologies commensurate with the material
and ideological imperatives of industrial capitalism.

These observations are not Machiavellian attributions or pronouncements of
academic subversion and cooptation. The complex set of relations of scientists to
patrons and of intellectual programs to the social agenda can be better explained
within an analytic framework of cultural hegemony: through the explicit and tacit
constitutive processes of consensus formation. Within that framework, "power"
includes intellectual, cultural, political, and economic power; and mental life is not
a mere shadow of material life. From this perspective the maintenance of hegemony
does not require active commitment by an academic constituency (or by subordi-
nates) to legitimate elite rule. Rather, the two reinforce each other in a circular
manner to form a "hegemonic bloc" sustained by formal and informal systems of
incentives and power sharing, particularly through half-conscious modes of com-
plicity. Hence this viewpoint does not regard hegemony as a form of subtle coercion
or top-down social control but, rather, as an interactive process between different
social groups vying for power.13

Within this theoretical framework it does not matter that many of the scientists
funded through the Rockefeller Foundation's molecular biology program were
unaware of their social function within the "Science of Man" agenda. As we shall
see, the leaders of American life science, many of them acting as scientific advisers
to the Foundation, did understand the larger picture; but even they did not always
share all the goals of their patrons. The rise of the new biology was a process of
consensus building among interdependent though not identical professional con-
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stituencies with common as well as separate goals. In search of patronage, however,
most American leaders of pure science did argue for their service role. Their pleas
and pledges often projected conflicting images and contradictory purposes: pure
research as disinterested knowledge; research as investment in economic growth,
human betterment, and political power; objectivity as a mark of professionalization;
relevance as a measure of social worth; science as a democratic institution; science
as an elite enterprise. Perhaps no scientific figure had embodied and reinforced
these contradictions more pointedly than the German emigre Jacques Loeb, Amer-
ica's emblem of pure wissenschaft, who, while cleansing biology from the taint of
pill-pushing, articulated his intellectual mission in terms of the technological control
of life.14

Thus consensus can form without active complicity. Whether practitioners of
molecular biology valued their works as contributions to a broad social agenda, or
through perceived intellectual autonomy they deployed the appropriate rhetoric to
fund their basic research, is secondary to the process of consensus formation. As
the evidence shows, however, at the highest levels of management there was a
substantial degree of agreement. As members of a national elite with similar social,
religious, and educational backgrounds, the leaders of science and the Foundation's
officers and trustees were cut from the same cultural cloth. This resonance facili-
tated the emergence of a hegemonic bloc. What is of primary importance, however,
is that through their authority scientists did empower the Rockefeller program. By
offering expertise they supplied an instrumental rationality that not only legitimated
their own enterprise but also validated the cultural objectives of their patrons.

California Institute of Technology: Engineering and Consensus

No single institution exemplified this cultural resonance between patronage and
science better than the California Institute of Technology. No other academic
enterprise so clearly expressed the powerful conjunction of intellectual capital,
economic resources, and institutional structures. The selection of an exemplary
institution affords an opportunity for a detailed examination of these trends and
operations, a close-up view that would be obstructed by a wider perspective on the
rise of molecular biology. At the same time, there is a limit to extrapolating from
the experience of one institution. Within these polarities of density and diffusion,
the focus on Caltech represents a strategic optimization between the textures gained
from a microstudy and the generality lost without macroanalysis, because on several
counts Caltech serves as a paradigmatic case study of the rise of molecular biology.
In a single center we can fruitfully examine the development of some of the major
cognitive trends: the focus on physicochemical genetics, the emphasis on instru-
ments, and the dominance of the protein paradigm, with its heavy emphasis on
immunology. We are able to follow institutional and social mechanisms in action:
group projects and interdisciplinary cooperation. To be sure, there were some
hurdles and conflicts, but we generally witness the process of consensus formation
on social goals, representations of life, and the future shape of biological research.
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A cursory glance at Caltech during the 1930-1950s reveals that the Institute
nurtured some of the most important "founding fathers" of American molecular
biology. All supported by the Rockefeller Foundation, these future Nobel laureates
built at Caltech influential research schools based on the cooperative model. The
premier geneticist Thomas Hunt Morgan was engaged in 1928 to head the new
biology division—and not only because of his Mendelian virtuosity on Drosophila.
No stranger to business fortunes and foundations' politics, he was sought for his
effective scientific management, which had propelled genetics from a disciplinary
marginality to the vanguard. In his cooperative new division—comprising genetics,
biochemistry, biophysics, embryology, and physiology— researchers were expected
not only to build bridges between these biological fields but to forge links with
physics and chemistry.

The German physicist Max Delbriick formed some of the earliest links between
genetics, physics, and mathematics, establishing at Caltech during the late 1930s
the foundations of the "phage school." This research program, which employed
bacterial viruses as conceptual models of gene action, has been generally recognized
as one of the most fruitful approaches to the gene problem and a principal turning
point in the history of molecular biology. His intellectual leaps did not fully account
for his ascendancy, however. When he received a professorship in biology at Caltech
in 1946, it was only partly for his personal scientific output. His strength lay in
having established a socially cohesive program and a collaborative network spanning
several disciplines, institutions, and countries.

A similar vignette emerges around George W. Beadle. A brilliant geneticist in
his own right and founder of American biochemical genetics, he demonstrated his
interdisciplinary flexibility early in his career at Caltech. Moving from corn to fruit
flies to fungi, by the early 1940s he was managing an impressive Neurospora project
at Stanford. Groomed for leadership by the Rockefeller Foundation and by Cal-
tech's establishment, Beadle returned to head the biology division after World War
II with a track record of cooperative projects spanning university, industry, and
the military.

The career of Linus Pauling displays a similar pattern. Director of Caltech's
chemistry division and one of the principal architects of molecular biology, Pauling
towered as both scientist and manager. His studies of the chemical bond and of
protein structure revolutionized concepts of the architecture of living matter and
were central to America's prominence in x-ray crystallography. Propelled by Dio-
nysian forces far stronger than any of his colleagues', Pauling's intellectual ambition
was reinforced by bold managerial maneuvers that placed him and Caltech at the
forefront of Rockefeller support and of the production of molecular knowledge.

These research schools, in turn, attracted during the 1930s-1950s visiting schol-
ars and collaborators from around the world. The 1930s to the mid-1940s were
challenging times for Caltech's program, but the mid-1940s were a watershed.
Delbriick predicted in 1947 that "Caltech in the coming years will be to biology
what Manchester was to physics in the 1910s."15 Indeed, like Manchester, Caltech
became an international training ground, a nursery for a new science. Nearly every
leading molecular biologist by the 1960s had had some connection to Caltech.
Hundreds of young life scientists—graduate students, postdoctoral fellows, re-
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search associates—passed through the Kerckhoff and Gates Laboratories during
the formative period of molecular biology, most of them supported by Rockefeller
money. Propagating the new techniques and research strategies, this second gen-
eration spread the molecular vision of life to other research and teaching centers.

Caltech, of course, was not the sole center for the new biology. The develop-
ments at Caltech, however, become even more remarkable from a comparative
perspective, when viewed in light of the Rockefeller Foundation's support of mo-
lecular biology at other universities. A survey of the Foundation's annual reports
from 1930 to 1955 reveals that the Foundation supported molecular biology projects
in scores of elite institutions but invested the largest sums in six. In accord with its
long-standing policy of supporting the strong—"making the peaks higher"—the
University of Chicago, Caltech, Stanford, Columbia, Harvard, and the University
of Wisconsin most consistently received grants for various projects in molecular
biology. Of these institutions, the Foundation regarded Chicago and Caltech (each
receiving about $5 million) and Stanford (about $1 million) as (in that order) the
most promising centers for developing a unified program of molecular biology.
Among these three, Chicago presented "the most convincing case in this country
and the most important program opportunity."16 Columbia (about $1 million),
Harvard, and Wisconsin (less than $500,000) occupied favorite positions within the
Rockefeller academic network, but these pockets of excellence did not evolve into
coherent programs in molecular biology.

Why did these institutions lag so far behind Caltech? To understand these de-
velopments we must not only count dollars (grants, after all, were a vote of con-
fidence) but see the molecular biology projects within the ecology of knowledge—
in terms of the goodness-of-fit between cognitive activities and their institutional
contexts. From this perspective, the Wisconsin case is quite easy to explain. The
university did enjoy special status—both Weaver and Foundation president Max
Mason spent most of their academic lives there. Fields central to the molecular
biology program did thrive at Wisconsin, especially biochemistry and biophysics,
endocrinology, microbiology, and genetics. The dominant influence of the food
and drug industries, however, tended to guide research projects in these fields
primarily toward agricultural, veterinary, and medical processes and products. Har-
vard's case is straightforward as well. Biology at Harvard had always lived in the
shadow of medicine. By 1940, with genetics at Harvard nearly extinct, the principal
projects in physicochemical biology were conducted primarily in the medical school.
In both places, Wisconsin and Harvard, a new biology could hardly develop an
identity independent of its traditional service roles.17

The Columbia situation is somewhat more challenging to explain, as the uni-
versity made significant contributions to molecular biology. In addition to work in
protein chemistry, there was promising research under the direction of physicist
Harold C. Urey on the biological effects of heavy hydrogen, the work on radioactive
isotopes by Rudolph Schoenheimer, and of course Erwin Chargaff's groundbreak-
ing studies of nucleic acids composition. This research, however, was conducted
mainly in the biochemistry department at Columbia's College of Physicians and
Surgeons, with little interaction with the zoology department or with the perspec-
tives of genetics. Under the direction of geneticist L. C. Dunn, the zoology de-
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partment (formerly towering with the stature of Morgan and E. B. Wilson) emerged
from a state of partial eclipse only during the early 1940s. Zoology possessed neither
the will nor the capacity for interdisciplinary partnership with the medical school.
Rockefeller grants from the mid-1940s to the mid-1950s to the zoology department
aimed to restore Columbia's eminence by supporting primarily mammalian and
population genetics. These institutional and intellectual dynamics were unfavorable
for fostering a unified molecular biology program.18

At Stanford, though a relatively young institution, two trends had solidified by
1930: the strong presence of the medical school, and the lack of interdisciplinary
cooperation. Through the trustees' directives and the presidency of Ray L. Wilbur
(former dean of the medical school and later Rockefeller Foundation trustee),
medicine came to occupy a dominant fiscal and disciplinary position at Stanford.
The School of Biological Sciences was medically oriented, including departments
of anatomy, bacteriology, physiology, botany, and zoology (and the Hopkins Ma-
rine Laboratory); but until Beadle's appointment in 1937 there was no research in
genetics. Interesting projects developed at Stanford: ultracentrifugation studies of
macromolecules; research of bioelectric phenomena, radiation, developmental me-
chanics, bacterial chemistry, cell metabolism, cell biology, and viruses; and during
the early 1940s biochemical genetics. For structural and personal reasons there was
little common planning and collaboration. In fact the lack of cooperation between
chemistry and biology was one of the motives behind Beadle's departure in 1946.
The strong medical influence and the sluggish response to the calls for cooperation
were detrimental to the emergence of a unified interdisciplinary program with a
distinctive biological signature.19

The University of Chicago offers the most fruitful comparative perspective on
Caltech and the other four universities. Its institutional network was densely in-
tertwined with the Rockefeller hierarchy; and the Foundation's support of Chicago
equaled that of Caltech. Through the energetic leadership of Frank R. Lillie (adviser
to the Foundation and director of the Marine Biological Laboratory at Woods
Hole), the Chicago program during the early 1930s exemplified both the tradition
and the vanguard of American biology. In fact Lillie played a decisive role in
shaping the intellectual design of the molecular biology program. With a large
group working on the biology of sex, with luminaries such as Sewall Wright in
genetics, F. C. Koch in biochemistry, Karl Lashley in psychobiology, and later
biologist Paul Weiss, Chicago's life sciences were at their peak. Given the re-
markable strength of the social sciences, and the strong interest in psychiatry at
the medical school, the University of Chicago should have rightly emerged as the
premier center for implementing a program that sought to address the genetic,
developmental, and chemical processes of behavior in cooperation with the social
and medical sciences.

Great traditions do have costs, however. They are grounded in history and tend
to impede alternative paths. By the late 1930s a large number of prominent life
scientists at Chicago reached retirement age. The nature of new appointments would
hinge on administrative reshufflings. The division of biology had been integrated
into the medical curriculum for three decades at that point, and its biochemistry,
physiology, pharmacology, bacteriology, anatomy, and psychology departments
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were regarded as preclinical fields. Lillie's directorship had sustained the division's
distinctive biological identity, but with the replacement of Lillie as dean of the
division of biology by immunologist W. H. Taliaferro, the medical school came to
have greater influence on biology during the 1940s, tending to orient it toward
clinical research. Furthermore, Chicago had a strong tradition of evolutionary
biology and natural history nested within the university's formidable intellectual
framework of progressive evolution. The evolutionary standpoint was fundamen-
tally incompatible with the mechanistic conception of life. That Chicago's genetics
had a strong focus on populations and that under the leadership of Paul Weiss
biological research addressed developmental and interactive processes from or-
ganismic and holistic perspectives attested to the viability of older traditions at
Chicago, traditions that competed with the new disciplinary goals during the form-
ative years of the molecular biology program.20

Caltech had none of these competing disciplinary traditions: no evolutionary
biology or natural history, no agricultural mandate, and above all no medical school.
Despite intermittent pressures from the 1920s to the early 1950s to add medical
research to the life sciences, Morgan's original plan to resist the medical imperative
prevailed (plant physiology and agricultural interests experienced similar tensions).
Similarly, the strong presence of Theodosius Dobzhansky during the 1930s did not
orient the division toward evolutionary biology. The new biology was implanted
into a disciplinary matrix that diverged sharply from that of the other institutions.
Caltech's biology program explicitly aimed to depart from established biological
traditions in order to create a new science of life based on cooperation with the
physical sciences and engineering; the engineering setting would be especially com-
patible with a technology-based biology. In terms of curriculum, new linkages were
formed on the undergraduate and graduate levels, producing after a decade a
generation of biologists trained in the physical sciences.

This redirection of biology was accomplished through Caltech's unique insti-
tutional structure. Unlike older universities, Caltech had already distinguished itself
during the mid-1920s as an elite institution that championed new fields grounded
in interdisciplinary cooperation. The appropriate institutional mechanisms were
created from the start in order to encourage a problem-oriented approach to sci-
ence, structures that were guided by corporate models of management and inspired
by the cooperative projects of World War I. Although geographically peripheral
and an academic neophyte, by the late 1920s Caltech formed the hub of America's
scientific establishment. Its illustrious leadership glided smoothly through the cor-
ridors of power that linked academe with industry and the philanthropic founda-
tions. These leaders also forged a formidable alliance with Southern California's
business elite. Their scientific and ideological commitment to the region's indus-
trialization situated Caltech squarely within the local political economy, thereby
garnering enormous community support, which in turn stimulated the flow from
foundations' coffers. This convergence of institutional and cognitive strategies in
the absence of competing biological traditions, buttressed by enormous social and
economic resources, explains why—of all the well-endowed universities—Caltech
emerged as the premier center for molecular biology. At Caltech we witness a
remarkable resonance of means and ends between scientists and their patrons, the
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formation of a consensus on scientific and social goals based on the primacy of the
molecular vision of life.

Molecular Vision of Life

Now that the constitutive elements of the argument are explained, we are in a
position to extract the levels of significance embedded in the primary thesis, "the
molecular vision of life." Above all, we can explore the linkages between the form
and content of biological knowledge and the directionality and modality of seeking
knowledge. Viewed for the moment strictly on the cognitive level of science, the
question arises whether life is molecular or it is only the vision that is molecular.
By studying macromolecules, do we study the salient attributes of life, or only a
molecular representation of life, one of many possible representations of animate
nature? To put it differently, the title of this book indirectly addresses the epis-
temological tension between various knowledge claims competing for the appro-
priation of "the secret of life," interpretations that, in turn, give rise to divergent
social and medical prescriptions.

Ultimately the resolution of this tension hinges on the currently unfashionable,
question "What is life?"—a centuries-old query that, although by no means in-
tellectually bankrupt, has proved too challenging for philosophers and is deemed
unproductive by most practitioners of life science. My own point of departure is
that there are multiple biological realities within which life is systematically ex-
plained. Various research schools in life science during either different or the same
historical periods have privileged different scientific representations of life; with
representations referring to the totality of biological practices that include the choice
of biological system, methods, theoretical frameworks, and interpretations of re-
sults. Each program has labored under the conviction that its own representational
practice grasps the essence of life.

Thus evolutionary biology, in addressing the quintessential property of living
entities—their ability to evolve—has given primacy to time and environment as
principal arbiters of the structures and functions of organisms, species, and pop-
ulations (and more recently biomolecules). Various schools of ecology, though
differing in their approaches, would agree on the premise that some of the most
important processes subsumed under the term life cannot be properly understood
outside the interactive models that account for profound reciprocal changes in
organisms and their environments. On the organismic level, the followers of Walter
Cannon, for example, would give primacy to homeostasis as a salient attribute of
organismic life, thereby stressing holistic or integrative approaches to vital pro-
cesses. Practitioners in these diverse biological fields might value molecular expla-
nations but would surely disagree that molecular representations derived primarily
from microorganisms supply an overarching explanatory framework for animate
phenomena.

The disagreement has deep historical roots. Since the Aristotelian beginnings
of the debate of teleology versus mechanism, the question of how much we can
learn about life by examining only its building blocks has not been resolved. Mech-
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anisms of upward causation have been remarkably effective for a finite range of
biological phenomena but have not effectively explained some of the primary char-
acteristics of life. Neither the Cartesian program, the cell theory, the supposed
victory of mechanism over vitalism around 1850 (which was actually a confrontation
between mechanism and teleology), nor the DNA double helix have successfully
accounted for emergent properties of life such as differentiation, growth, evolution,
or human consciousness. On the other hand, even for the subcellular level, mech-
anisms of downward causation have revealed properties and processes of cellular
components that are not manifested in their unassembled state. Few would contest
that the packaging of viruses or the hardware of bacteria offers only minimal insights
into the biological organization of mammals. The abundance of rigorous quanti-
tative antireductionist models that have developed during the second half of the
twentieth century attests to the limits of the mechanistic and physicochemical ap-
proach for solving problems of biological organization.21

This broad spectrum of biological fields and the multiplicity of biological realities
grounded in divergent conceptions of life make it clear that a number of viable
biological programs existed that could have been singled out and promoted by the
Rockefeller Foundation during the 1930s. The evolutionary, ecological, and or-
ganismic standpoints spotlighted many secrets of life to be unraveled. They supplied
different kinds of knowledge about the human body and mind as well as alternative
paths to understanding social and environmental maladjustments. In short, there
were different possible human sciences. Why then did the Rockefeller Foundation's
"Science of Man" agenda privilege a molecular vision of life? The answer to this
question is embedded in the matrix that linked the particular forms of social control
sought by that agenda with the specific kinds of control supplied by the new biology.

The control of animate and inanimate nature, of course, was not a twentieth
century project. Viewed diachronically the interlocking of "representing" and "in-
tervening" was inaugurated with the Baconian program, with the birth of an au-
tonomous experimental tradition whose primary aim was to manipulate and control
nature for the utility of man and to collapse the dichotomy of the natural and the
artificial.22 From a synchronic perspective, the particular political, economic, and
social configurations in early twentieth century America gave this conjunction of
knowing and doing historically specific meanings. Greatly influenced by Jacques
Loeb's project, which had adopted the engineering standpoint toward the control
of life, the Rockefeller Foundation officers and their scientific advisers sought to
develop a mechanistic biology as the central element of a new science of man whose
goal was social engineering. In the social sciences the emphasis on controlling
human behavior gave rise to mechanistic conceptions of behavior, personality, and
socialization; interventionist strategies were inscribed into these scientific formu-
lations. The life sciences aimed to map the pathways in the molecular labyrinth of
the human soma and psyche in order to control biological destiny.

A biology governed by faith in technology and in the ultimate power of upward
causation is far more amenable to strategies of control than a science of downward
causation, where elements cannot be fully understood apart from the whole. There
is seductive empowerment in a scientific ideology in which the complexities of the
highest levels can be fully controlled by mastering the simplicity of the lowest. The
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rise of molecular biology, then, represented the selection and promotion of a
particular kind of science: one whose form and content best fitted with the wider,
dominating patterns of knowing and doing. The molecular vision of life was an
optimal match between technocratic visions of human engineering and represen-
tations of life grounded in technological intervention, a resonance between scientific
imagination and social vision.

The organization of this book is primarily chronological, the narrative inter-
weaving between projects of the biology and chemistry divisions.

The first chapter traces the origins of the science of social control, positioning
the conception and design of the new biology within the Rockefeller philanthropies'
promotion of the human sciences during the early part of the twentieth century.
The second chapter focuses on the emergence of life science at Caltech, situating
the new biology within the Rockefeller Foundation's program and within Southern
California's social nexus and political economy. Chapter 3 explores the intellectual
and institutional dynamics in Morgan's new biology division, with a particular focus
on the ecology of the new biological knowledge.

Chapter 3 is followed by an Interlude, which traces Caltech's commitment to
the protein paradigm back to the intellectual trends that had dominated genetics
and biochemistry since the beginning of the twentieth century. The Interlude pro-
vides the necessary background for subsequent chapters, especially Chapter 4.

Chapter 4 explores some of the influential American researches in physiological
genetics: that of Jack Schultz, George Beadle and Boris Ephrussi, and Max Del-
briick. It focuses on the linkages originating at Caltech between genetics and em-
bryology, biochemistry, and biophysics, which contributed to the primacy of pro-
teins in the nascent molecular biology program.

Chapter 5 traces the emergence of the chemistry division under Pauling as a
major center for molecular biology—a joint effort between Caltech, the Rocke-
feller Foundation, and Pasadena's business community. Chapter 6 examines the
development of immunochemistry under Pauling as a key feature of the protein
paradigm and a decisive advantage for war-related research. Chapter 7 reconstructs
the intellectual and social history of Beadle's Neurospora program during World
War II, activities that later took him to Caltech as head of the biology division.

A second Interlude surveys some of the effects of the dislocations of the war
on the policies of the Rockefeller Foundation and the impact these shifts in power
had on the molecular biology program at Caltech. The final chapter examines the
consolidation of the protein-based molecular biology program under the leadership
of Beadle and Pauling, placing Caltech at the vanguard of the nascent discipline.
The epilogue recounts the paradigm shift from protein to DNA and raises questions
of continuity and change in the intellectual and social goals of postwar molecular
biology.

This book is not a microstudy of the American path to the double helix. On the
contrary, the "wrong turns" have been given considerable attention in order to
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capture the cognitive thrust of a quarter of a century of the molecular biology
program: the protein paradigm. Morover, these chapters are not, by any means,
a history of biology at Caltech; important projects been left out, such as Dob-
zhansky's work in evolutionary biology and many of the activities in plant physiology
and neurophysiology. The first two were peripheral to the Rockefeller program
and the third, though programmatically central, for historical reasons played only
a secondary role in the rise of molecular biology at Caltech.

More importantly, the narrative in this book is not "The Story" of the rise of
the new biology, as there are other possible narratives, including the versions of
those bracketed out of the consensus. Rather, it is "a story" told mostly from the
select perspective of the "winners," who not only shaped historical events but,
through their documentation projects influenced the historical reconstruction of
these events. Like all record repositories, the archives of the Rockefeller Foun-
dation and the California Institute of Technology (the two principal sources in-
forming this study) carry the inscriptions of their own historical perspectives and
biases. The following pages, then, provide a particular historical reconstruction of
those activities that together shaped a distinctive kind of biology centered around
the physicochemical study of the gene. It is a critical study of the story of the
"winners" who joined intellectual and social forces, propelling Caltech to the van-
guard of a new biology that came to dominate life science during the second half
of the twentieth century.
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CHAPTER 1

"Social Control": Rockefeller
Foundation's Agenda in the
Human Sciences, 1913-1933

Salvation through Experts

In 1894 the young sociologist Edward Alsworth Ross rejoiced in his "great new
discovery in Sociology." Having jotted down 33 ways in which society exercised
social control, he proceeded to develop these preliminary thoughts into the organ-
izing principle of sociology. A newcomer to the discipline from economics, Ross
intended to resolve the social and political dilemmas of modernity confronting a
society whose national self-conception of historical uniqueness had been formed
early in the century as a reaction against forces of modernization sweeping the Old
World. Through the concept of social control, Ross intended to empower sociology
by supplying it with an analytical framework grounded in liberal premises and
sociopsychological sciences. The series of articles published beginning in 1896 in
the American Journal of Sociology and his book Social Control (1901) not only
revolutionized the discipline of sociology but also shaped the other human sciences.'
In the social sciences it had a profound impact on the direction of political science,
economics, and psychology; and in the biological sciences it influenced the course
of genetics, eugenics, and psychobiology. In its later technocratic forms, social
control would play a critical role in the conception and design of the molecular
biology program during the 1930s.

Developed in the ideologically charged context of the debate between capitalism
and socialism, Ross's vision of social control was an argument for a new liberalism
that accepted the inevitability of class conflict and the social inequality of capitalism.
The idea of "social control" was premised on the fundamental dissonance between
the interests of the individual and those of society. To maintain itself, society had

22
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to modify individual feelings, ideas, and behavior to conform to social interests;
the formal and informal constitutive processes of exercised power—condign (force),
compensatory (money), and conditioned power (persuasion), to use J. K. Gal-
braith's typology—Ross called social control. His prescriptive discourse, however,
concerned itself mainly with the subtle mechanisms of conditioned power appro-
priate to a democratic republic.2

Soft and meditative in comparison with the more coercive and technocratic
versions of the 1920s and 1930s, the ideal of social control was inspired by Spen-
cerian naturalistic philosophy and conceptualized through the dominant cultural
categories and racialist doctrines of the Gilded Age. That discursive framework
valued private enterprise, inward temperament, morality, and self-mastery as the
innate drives that vaulted the Protestant Anglo-Saxon elite to world dominance.
Although Ross's earlier writings contained only passing references to race, by 1900
his fear of Mediterranean immigrants in America and the resultant social flux had
forced the problem of "moral varieties" into sharp relief. With the rapid retreat
of the frontier with its "pitiless sifting," Ross's formulation of social control sought
to erect a framework for preserving the virtue of the Aryan stock.3 Ross observed:

There is reason to believe that even to-day difference in race psychology leads
people of the same development to adopt different measures of control. The
anthropologists now put Europeans into two great races—the tall, long-skulled
blonds and the shorter, broad-skulled brunets. This distinction corresponds roughly
to the old divisions of Aryan and Celto-Slav, or Germanic and Latin peoples. It
is agreed that the former are more enterprising and variative than the latter. They
conquer, and constitute the upper caste in most countries. . . . [They are by
temperament] of an inward-looking self-analysing bent, in contrast to the outward-
looking, sensuous people of the South, they can be reached by such illusions as
"moral law," "conscience," and "duty," which install the reflecting self in the
judgment seat of the soul. With them Protestantism and moral philosophy have
real power because they corroborate certain inner experience.

Beyond racial classification and social theorizing, Ross's analysis articulated a serv-
ice role for the new discipline of sociology, arming it with tools for social action.
Thus in the conclusion to his book Ross pinned the success of social control on the
scientific expert, the professional sociologist, who "will address himself to those
who administer the moral capital of society—to teachers, clergymen, editors, law-
makers, and judges, who yield the instruments of control; to poets, artists, thinkers
and educators, who guide the human caravans across the waste."4

Ross's concept of social control struck a resonant chord with practitioners of
the social sciences, designating a new liberal reform program. Social control of
individual self-interest meant public control of the private sector, though the cat-
egories "private" versus "public" could not always be neatly drawn. With the rise
of quasipublic entities such as large business corporations and foundations, the
boundary between individual and corporate self-interest, between private and pub-
lic control, would be increasingly blurred. In sociology "social control" assumed a
striking disciplinary identity, becoming a key concept in the field. Sociologists began
to direct their attention to psychosocial processes of social control, a trend that
gave rise to the term "socialization" as a measure of personal adaptation. It was
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this emphasis on social psychology that focused attention on the individual's de-
velopment within society; and it was the elaboration of the framework of social
control that later channeled research efforts toward personality and behavior. Out-
side sociology, the term was embraced by economists and political scientists and
assumed a broad range of social and political goals.5 It also served as a rationale
for studies of personality and behavior, linking it to the biological sciences.

In the Progressive Era's activist climate, reform agendas were frequently artic-
ulated in terms of control. The broad spectrum of problems associated with ra-
tionalizing human relations in a changing social order—education, work, class,
race, sex, family and groups, public opinion, religion, and law—were subsumed
under the term social control. Social control became a meeting ground for mutually
enhancing academic and social interests. While the social and biological sciences
raised their national status through their instrumental rationality, by supplying
theoretical frameworks for utilitarian ends, reformers seeking to develop and im-
plement programs of social control increasingly capitalized on the resources and
the rising authority of the social, biological, and physical sciences. During the
Progressive Era science emerged as a symbol of reason and efficiency, the foun-
tainhead of objective knowledge and industrial prowess, a euphemism for tech-
nological and social progress that unified the disparate crusades and reforms, the
icon of America's Babbitry. The founding of the Carnegie Corporation in 1911,
the Rockefeller Foundation and the Bureau of Social Hygiene in 1913, and the
Laura Spelman Rockefeller Memorial in 1918 expressed Americans' faith in the
efficacy of research and in a science-based social intervention. These institutions
would harness the expertise of the human sciences to stem what was perceived as
the nation's social and biological decay and help realize the vision of America's
destiny.6

By the Progressive Era, the concept of the American destiny, its self-conception
of uniqueness, or "American exceptionalism," had evolved from a resistance to
modernity to an accommodation to industrial capitalism.7 Under the leadership of
Theodore Roosevelt, the United States entered the twentieth century as an aspiring
empire with political interests stretching from Latin America to Asia. The large
business corporations, epitomized by Rockefeller's Standard Oil and Carnegie's
U. S. Steel, had become primary vehicles for exerting economic and cultural in-
fluence. These corporations were by then international enterprises with continu-
ously expanding world markets.8

"History is becoming more and more the story of industrial development,"
thundered industrialist Frank A. Vanderlip, vice president of the Rockefeller-
owned National City Bank of New York in an address titled "The Americanization
of the World," delivered before the Commercial Club of Chicago in February 1902.

A nation's strength is measured by its wealth. Its position in the world's progress
by its relative commercial growth. . . . We are now not only a billion dollar
country, but a country of billion dollar corporations. . . . I believe in the great
corporation. I believe there is no more effective way for us to impress ourselves
on the trade situation of the world than through these great industrial units that
can project into the world's markets the strength of their commercial position
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with irresistible force. . . . I have the firmest conviction in America's ultimate
destiny. The twentieth century is America's century.9

As he spoke, American industrial productivity was outdistancing national con-
sumption, and Rockefeller's Standard Oil was being shipped around the globe.

Beyond economics, the vision of America's destiny was grounded in perceptions
of moral and social ascendancy. Rockefeller business and philanthropic enterprises
epitomized the conjunction of ideology, wealth, and power. The doctrine of pre-
destination and the Calvinist concept of "calling," coupled with the moral imper-
ative to fulfill one's obligation in daily affairs, sanctified devotion to a life of labor.
Wealth was a proof of virtue and a symbol of self-control and mastery over nature,
a tool for social action based on private initiative. In his self-perceived duty to
amass and dispense fortunes, John D. Rockefeller realized the Protestant notion
of stewardship and its dialectic of servitude and liberation. The work ethic legitim-
ized the critical link between wealth and virtue, paving the road to salvation. If
these values were shared by all members of society, prosperity and social stability
would follow. The reality of industrial capitalism, however, fell short of the vision.
Demographic dislocations fractured community and family structures, consumerism
eroded spiritual values, social and economic conflicts pitted capital against labor;
factory work bore little relation to the promise of salvation. The Protestant business
establishment confronted a labor force swollen with foreign elements and was
challenged by social ills even greater than those in industrialized Europe.10

The early immigrations to the East Coast brought in predominantly northern
and western Europeans, America's cultural cognates; but by 1890 waves of im-
migration reached the Atlantic shores from southern and eastern Europe, importing
foreign cultures, alien ethos, and incongruent work habits. These huddled masses
(more than 18 million arrived between 1890 and 1919) aggregated mainly in urban
centers, infusing factories and sweatshops with abundant cheap labor. At the same
time, poor working and living conditions turned many of these ethnic pockets into
breeding grounds of medical and social pathologies, problems that were later com-
pounded by the "Negro problem"—the effects of large-scale migration from the
rural South to northern cities.11 These social ills seemed to support the Anglo-
Saxon anxiety over racial inferiority, backward temperament, and mental defi-
ciency—and over the general deterioration of American society.

The academic concept of social control thus struck a resonant chord with the
perceived experience of those who, to use Edward Ross's words, "administered
the moral capital of society." Social control as a system of knowledge and as a
discursive practice supplied the articulations for various social reform projects of
the Rockefeller philanthropies. No social policy can ever be independent of history
and culture. Ross's formulation of social control offered culturally specific and
historically contingent prescriptions for social stability—notions premised on the
imperatives of industrial capitalism and Nordic privilege. The various projects of
the Rockefeller philanthropies aimed to develop social control grounded in cultural
and behavioral norms derived from American Protestantism. By guiding action
and conduct, the Protestant ethic, with its material correlates, implicitly informed
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a range of attitudes and articulations of self and other, the control of nature and
nurture.

To extract the full significance of the Rockefeller philanthropies' commitment
to social reform, their projects must be viewed on two interconnected levels of
commensurability: the economic and the ideological. On the materialistic and util-
itarian level, the projects in the social and biological sciences were intended to
foster favorable conditions for raising economic productivity and managing social
stability—making the world safe for private enterprise. On the level of conscious-
ness and ideology, the reform programs were intended to combat vice, raise moral
standards, and improve human conduct. The life of labor, the practice of self-
control, and the drive for prosperity formed the essential elements along the spiritual-
material continuum of a social intervention project based on Protestantism, re-
publican principles, and industrial capitalism.

The leaders of the Rockefeller Foundation articulated the primacy of conduct,
control, and moral value with great conviction. It is clear that they regarded med-
icine, education, and public health as part of a larger process of enculturation
leading to social control and economic stability. In his 1913 policy outline for the
Rockefeller Foundation, trustee Harry Pratt Judson, president of the University
of Chicago and first choice candidate for the Foundation's presidency, grouped
plans for the welfare of humanity into two categories: uncontroversial ones, which
accorded with human wants (medicine and education), and challenging ones, which
conflicted with human desire. For the second kind of activity, he stressed that "the
real hope of ultimate security lies in reinforcing the police power of the state by
training of the moral nature so painstaking and so widespread as to restrict these
unsocial wants and substitute for them a reasonable self control." Listing the prob-
lems of social hygiene—drug addiction, alcoholism, and sexual promiscuity—he
cautioned that scientific knowledge of these social aberrations had only limited
value. Avoiding these ills required the "practice of self-control."

Although there were limits to the Foundation's power against these enormous
forces of evil, Judson thought that it could be an important mission of the Foun-
dation. "But it is to human conduct, in the end, and that as affecting a great mass
of mankind, that appeal must be made if there is to be any material change in the
social situation."12 This project of human betterment would draw on the arma-
mentaria of the social and biological sciences: on the expertise associated with
social control.

The captains of business and industry, notably Carnegie and the Rockefellers,
were generally receptive to the promotion of basic research, though not in pure
academic form and not as an end in itself, but as an investment in social reform.
They looked to the human sciences as a means of reaching the root causes of social
dysfunction. Because scientific management had proved its value at the workplace,
it could also be applied to the wider social world. By the turn of the century, the
Rockefeller charity had given rise to the University of Chicago (1892), The Rocke-
feller Institute for Medical Research (1901), and the General Education Board
(1903). The founding of these institutions reflected a strong commitment to social,
educational, and scientific development as an investment in human welfare, at a
total price of about $200 million. Similarly, $10 million in United States Steel
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Corporation bonds were transferred in 1902 to the newly created Carnegie Insti-
tution of Washington, with a similar amount slated for education and research.
These philanthropic offerings supported research as a scientific and a cultural en-
terprise. As an expression of utility and ideology, the philanthropies accommodated
a resonance between science and religion. The same notions of calling, work,
service, efficiency, organization, order, rationality, and scientific management that
animated the business corporations also permeated their charitable ventures; the
visions that propelled their profit-making also guided their ameliorative actions.13

Several areas in the biological sciences addressed fundamental processes related
to mental attributes and conduct. Of these areas, eugenics carried considerable
intellectual and social authority, promising effective means of social control. The
rediscovery of Mendel's laws in 1900 and the subsequent research on Mendelian
inheritance supplied the Spencerian doctrine and its racialist pillars with new the-
oretical foundations and experimental tools. In the gene the goal of selective breed-
ing as a corrective to the perceived swamping and degeneration of the Anglo-Saxon
stock acquired a precise target. Thomas H. Huxley's protoplasmic theory of life
(ca. 1870s) had already reduced the physical and mental attributes of life to pro-
toplasm. By the turn of the century the proteinaceous substance had already been
enshrined as the source of biological diversity and the locus of material and cognitive
control. The subsequent identification of the gene with protoplasmic endowment
became not only a potent scientific concept but a compelling cultural image, a
synonym for the physiological site of social control.14

After 1904, with the zealous leadership of Charles B. Davenport, the support
of the Harriman fortune, and under the aegis of the Carnegie Institution of Wash-
ington, the eugenic movement acquired a strong resource base and a stable head-
quarters at Cold Spring Harbor for its large constituency, predominantly the upper
social echelons: business, Protestant churches, the professions, and the intelli-
gentsia, including most American geneticists. Unlike the eugenic preoccupations
after World War II, which would be articulated primarily through medical discourse,
the early promoters of eugenics expressed relatively little concern over medical
disorders. Their primary disciplinary allies were the social sciences rather than
medicine, and their principal targets were mental attributes: temperament, per-
sonality, and, above all, intelligence. Often formulated in terms of social control,
eugenic projects addressed problems of social dysfunction by focusing on psycho-
logical traits, traits constructed primarily within the dominant historical categories
of race and class.15

By the time of the launching of the molecular biology program, the Rockefeller
philanthropies had considerable experience with eugenics. Although the Rocke-
feller philanthropies did not establish a eugenic program per se—largely to avoid
duplication of the Carnegie effort—they did support eugenic projects, such as the
sterilization campaign of the National Committee for Mental Hygiene to restrict
the breeding of the feeble-minded. The Rockefeller philanthropies also acted in
the area of eugenics through the Bureau of Social Hygiene (BSH) and the Laura
Spelman Rockefeller Memorial (LSRM). The BSH was incorporated in 1913 for
the purpose of "the study, amelioration, and prevention of those social conditions,
crimes and diseases which adversely affect the well being of society, with special
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reference to prostitution and evils associated therewith." Through its 30-year his-
tory, many of the topics covered by the BSH, such as sex education, maternal
health, birth control, venereal diseases, and population control, were distinctly
eugenic in conception or impact, drawing upon Davenport's and Henry Goddard's
hereditarian frameworks of social deviance. Similarly, the LSRM—incorporated
in 1918 with the purposes of gaining understanding of social problems concerning
women and children and developing means for social control on an international
scale—was informed by eugenic doctrines and practices.16

Thus by the end of the Progressive Era, even before the large-scale commitment
to the "advancement of knowledge" spurred by World War I, the human sciences
received considerable support from the large foundations. Their numerous projects
and the unprecedented scope of their financial and institutional resources shaped
the development of culture and the production of knowledge in the United States.
Through education, public opinion, stimulation of specific research agenda, and
the promotion of selective categories of knowledge and research, the Foundation
played a key role in the creation of a hegemonic bloc; the resources and prestige
flowing into those fields relevant to problems of social control were instrumental
in the formation of consensus between social and political elites, on the one hand,
and academic interests on the other.17

Criticism during the 1910-1920 decade recorded the dawning perception of the
foundations' grip on culture. During the period of challenge to industrial exploi-
tation, Rockefeller's "robber baron" reputation continuously offended public opin-
ion. The Standard Oil trust was in the terminal phase of a losing battle against
dismemberment for violating antitrust regulations. The "Ludlow Massacre" in 1913
at the Rockefeller's Colorado Fuel and Iron Company implicated John D. Rocke-
feller, Jr., a director of the Colorado Fuel and Iron and soon to be president of
the newly established Rockefeller Foundation, in ruthless policies against labor.
The Walsh Commission identified the Foundation as a thinly disguised capitalistic
manipulation of the social order and challenged "the wisdom of giving public
sanction and approval to the spending of a huge fortune through such philanthropies
as that of the Rockefeller Foundation."18

There were echoes of minor dissent even within the academic community. Al-
though during the 1910-1920 decade the Rockefeller and Carnegie fortunes sup-
ported university research only indirectly, they had already played a decisive role
in shaping scientific knowledge and in higher education.19 James McKeen Cattell,
editor of Science, leveled his criticism in 1917 against their pervasive influence.

The Carnegie and Rockefeller Foundations have undertaken to dictate educa-
tional affairs all over the country and all the way from the primary school to the
university. The fact that their large resources enable them to employ able men
is a dangerous aspect of the situation. So many institutions are now subsidized
by one or both of these foundations, that many educational leaders are not free
to express their real opinion or are not in a position to form unprejudiced opinions.20

Edwin B. Wilson of the Massachusetts Institute of Technology expressed similar
concerns in 1918. "Sometimes I think it would be well to go in with them [Carnegie
Corporation] and sometimes I feel that there is no use of putting good money after
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bad in the hands of dishonest people."21 These voices of dissent, however, did not
represent the majority of academic scientists, who kept knocking on the founda-
tions' gates and underscoring the relevance of their biological and social research
to the welfare of mankind. The efforts of this group came to fruition after World
War I.

Taming the Savage

World War I catapulted science to dominance within new configurations of
power. From the preparedness period in 1916, throughout the war effort, and into
the "normalcy" of 1920, academic science, in cooperation with revitalized business
and industry, played a central role in America's rise to world supremacy. The
reciprocal effects of science and war transformed both enterprises. On the one
hand, through the large scale mobilization of science and the diverse cooperative
war projects it spawned—wireless communication, submarine detection devices,
chemical warfare, Pharmaceuticals, blood banks, and mental testing—science per-
manently altered the nature of warfare and grew indispensable to it. On the other
hand, these projects shaped the organization of scientific knowledge by placing
a premium on interdisciplinary cooperation and on a liaison with industry and
business.22

An organized scientific community emerged (notably, a strong academic and
industrial chemistry community) self-conscious of its weight in the political arena.
A powerful scientific leadership—including physicists Max Mason and Robert A.
Millikan; astrophysicist George E. Hale; chemist Arthur A. Noyes; life scientists
Frank R. Lillie, Thomas H. Morgan, and Simon Flexner; and social scientists Lewis
M. Terman and Robert M. Yerkes—played up the social importance of funda-
mental research. Ideologically ill-disposed to government control, the leaders of
American science lobbied successfully for a substantial increase in financial support
of science by the private sector, notably the Carnegie Corporation and the Rocke-
feller Foundation. The establishment of the National Research Council (NRC) in
1918 and the Social Science Research Council (SSRC) in 1923—both strongly
backed by the Rockefeller Foundation—signaled the beginning of a steady and
close cooperation between academic science and the private sector.

During the 1920s the amplified symbiosis between academe and the foundations
resulted in a 100-fold jump in research grants to universities. During the first half
of the decade the foundations still tended to support science mainly in research
institutions, for example, the biological sciences in the Marine Biological Labo-
ratory at Woods Hole, the Phipps Institute, and the Food Research Institute. By
1925 this trend substantially broadened to include university research. Frederick
Keppel, president of the Carnegie Corporation, noted that foundations, inspired
by the NRC's effective management of cooperative war projects, were investing
large sums in graduate and postgraduate research; he estimated no fewer than 1500
fellowships a year. Both parties now converged on the view that academic research
was not an end in itself. Scientists convinced foundations' trustees—mainly Amer-
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ica's business leaders—that research need not be mere ivory-tower indulgence but
a socially responsive activity with enduring political and cultural returns.23

These shared interests were not purely utilitarian. Some of the salient cultural
and ideological features of the 1920s were inscribed into this coalition of science
and the private sector, notably the values derived from the conjunction of tech-
nocracy, business, and religion that guided the missions of the philanthropic foun-
dations. Science and business forged their formidable alliance during a period
marked by the triumph of conservatism, presided over by the business-oriented
Republican administrations of Warren Harding, Calvin Coolidge, and Herbert
Hoover. During this decade of commercial growth, technocratic expansion, and
the sweep of mass media, Americans generally shed their earlier mistrust of busi-
ness, deifying private enterprise as a moral force and social service, a deification
based on a synergy between religion and business.24 Scientific management entered
the churches, transforming both their organization and their sermons. The con-
temporary literary genre that portrayed heros of the Old and New Testaments as
savvy businessmen attested to the success of the business ethos at the pulpit.25

As the flourishing churches attested, the alliance proved that godliness was
profitable. Books and articles observed that Protestant churches teemed with suc-
cessful people, whereas the poor floundered outside the gates of virtue. Studies
derived from Who's Who and surveys of successful businessmen—among them
J. Ogden Armour, Chicago's meat-packing king; George F. Baker of the First
National Bank; Elbert H. Gary of U. S. Steel; E. M. Statler, the hotel tycoon;
and Samuel Insull, President of the Commonwealth Edison—verified the link
between the Protestant ethos and material success. A series of advertisements listed
some 25 major industries headed by devout church members, notably Standard
Oil, Packard Motor Car Co., General Electric, the Pennsylvania Railroad, Fire-
stone Tire and Rubber, Proctor and Gamble, and Sears, Roebuck. These executives
typified the business aristocracy comprising the board of trustees of the large foun-
dations, whose ideology determined the foundations' conservative mode. Both
church leaders and business executives trumpeted similar orations: The Protestant
ethic of thrift and industry wedded to Christian qualities of charity, integrity,
ambition, enterprise, and self-control materialized in worldly success.26

This synergy between Christian concepts and business culture animated the
leadership of the Rockefeller Foundation in the 1920s. During the 1920s and
throughout the 1930s, the boards of trustees of the Rockefeller and Carnegie
philanthropies were drawn primarily from the business and social elite of the North-
east and, increasingly, the Middle West. "Heavily weighted toward conservatism"
the trustees (and officers), as self-appointed custodians of national symbols, be-
lieved that they represented what they termed, "the American temperament."27

A statistical survey attempting to establish a typical profile of the foundation trustee
concluded in 1936 that he belonged to the "higher income-receiving class of the
population." He was "respectable" and "associated with men of prestige, power,
and influence."

His "intelligence" is ranked high by various institutions of higher learning from
whom he has received signal honors. He receives his income primarily from profits
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and fees. In short, he is a member of that successful and conservative class which
came into prominence during the latter part of the nineteenth and early twentieth
century, the class whose status is based primarily upon pecuniary success.28

Such material success, Owen D. Young, head of General Electric and trustee
of the Rockefeller Foundation, assured the congregation of the Rockefeller-built
Riverside Church in New York, was inspired by religious values. Honesty and
integrity simply made sense; morality and intelligence formed the backbone of big
business.29

This Christian spirit permeated the leadership of the Rockefeller Foundation
throughout the 1920s. Alan Gregg, director of the medical sciences division recalled
the hypnotic power of the Baptist minister Frederick T. Gates, a key figure in the
Rockefeller hierarchy. He remembered Mr. Gates around 1924 shaking his fist at
a sedate but respectfully attentive Board, shouting:

And when you die and come to approach the Judgement of Almighty God what
do you think He will demand of you—yes, each one of you? Do you for an
instant presume to think He will inquire into your petty failures, your trivial sins,
your paltry virtues? NO! He will ask you just One Question: "WHAT did you
do as a Trustee of the Rockefeller Foundation?"

No one in the audience moved, no amused looks followed the volcanic sermonizing,
according to Gregg.30 The premise that the Protestant temper and Christian values
would spawn global rewards was implicit in the domestic and international missions
of the foundations. As one of the Rockefeller Foundation trustees lamented some
years later, "When the Foundation was founded, our own basic philosophy, largely
influenced by Christian conceptions, was taken for granted and it was also pretty
generally assumed that it was only a question of time before it would extend
throughout the world."31 The developments in the following decades would in-
creasingly challenge these premises, but the trustees' republican ideology, Christian
ethic, and sense of destiny continued to inform the Foundation's missions into the
1950s.32

No single figure exemplified this synergy of Christian values and science-based
social mission better than Raymond B. Fosdick, Rockefeller trustee, counselor to
J. D. Rockefeller, Jr., and later president of the Foundation. Raised in Buffalo,
New York, during the 1880s in a home devoted to Protestantism, Raymond Fosdick
and his prominent brother Harry Emerson Fosdick (Rockefeller trustee and pastor
of Riverside Church) were suffused with the Calvinist ethos. Both later tempered
their extreme evangelical training but retained the deep sense of calling, duty, and
predestination in a modernized form, accommodating both science and social ac-
tion. Whereas brother Harry fulfilled his calling through the social gospel of the
ministry, reaching millions throughout America, Raymond ministered to society
through law and social science.33

His childhood's political slumber violently shaken by the assassination in Buffalo
of his hero President McKinley, Raymond Fosdick's commitment to social action
eventually led him from a successful legal practice to the Bureau of Social Hygiene.
There he distinguished himself during the 1920s through his studies of European
and American police systems, authoritarian manifestations of the ideal of social
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Figure 1 Raymond B.
Fosdick, undated but prob-
ably ca. 1920s. Courtesy of
the Rockefeller Archive
Center.

control. After having played an active role in the war mobilization effort, he became
an avid promoter of internationalism and a champion of the League of Nations.34

The tributaries flowing through his various projects, speeches, and books converged
as an anxious torrent over the future of Western civilization, underscoring the
urgency for the success of social control measures that would subdue the irrational
forces of technology, which he thought were subverting democracy. His writings
during the late 1920s are a jeremiad on American society, a society symbolized as
the old savage in a new civilization—"a naked Polynesian parading in top hat and
spats"—a socially primitive culture enamored with gadgets it fails to comprehend,
unable to control its play with dangerous technology.35

With the carnage of World War I still vivid—10 million dead soldiers, 13 million
dead civilians, and millions wounded and devastated—Fosdick had little tolerance
for the backlash of narrow nationalism and virulent xenophobia. Paradoxically,
during the era of increased technological sophistication and cosmopolitanism, a
regressive panic swept the country, often driven by eugenic arguments. The "big
Red scare" produced a hysterical hunt for anarchists and Bolsheviks, and antipathy
to the un-Americanism of Catholics, Jews, and organized labor. The Ku Klux Klan
was revived, anti-Japanese hysteria raged in California, Henry Ford launched his
notorious anti-Semitic campaign, and Ivy League colleges instituted quotas to re-
strict admission of Jews. A new edition of Madison Grant's Passing of the Great
Race sold widely, as did William McDougal's Is America Safe for Democracy,
questioning whether democracy would survive the mongrelization of a Nordic civ-
ilization. Between 1920 and 1923, Lathrop Stoddard's The Rising Tide of Color
Against World-Supremacy went through 14 editions, and the movie industry con-
tributed potent racist imagery to popular culture.36
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As trustee of a foundation representing an interconnected world system with
the United States at its center, an organization with economic and cultural interests
around the globe, Fosdick opposed many of these trends, blaming them on de-
mocracy. He abhorred the nationalistic zeal and the populist sentiment behind it,
loathed the mob mentality and its naive obsession with gadgetry, and deprecated
the rampant Baalist consumerism with its orgy of self-destruction oblivious to
civilization's spiritual decay. Democracy, Fosdick thought, amplified these social
ills. His Nietzschean diatribe on democracy denounced "The pack instinct for
solidarity [which] is reinforced by the enthusiasm of democracy for leveling human
expression and imposing the measures of mediocrity. Democracy is the apotheosis
of the commonplace, the glorification of the divine average." On the other side of
the ideological divide hung the dread of the Hegelian fallacy: socialism. The state
as collective good existing above the individual threatened the ethos of private
initiative.37

Like other leaders in business and academia, Fosdick understood the exigencies
of history. The 1920s business culture of cooperation, with its dependence on
teamwork and management, could no longer subscribe to naive nineteenth-century
laissez-faire or to the rugged individualism of a frontier society any more than it
could surrender to Bolshevik oppression. Somewhere in the scheme of things,
Fosdick believed, there had to be a place for social intervention based on neither
populist prejudice and mob rule nor totalitarian coercion, but on principles of
excellence, rationality, and science—the kind of system that would beget an Aristotle,
a Newton, or a Darwin.38 The role of the Rockefeller Foundation was to supply
the resources and mechanisms for such a system of excellence, through processes
of top-down democracy; science was its reservoir of theoretical knowledge and
technical expertise.

Not all branches of science were equally relevant to the pressing problem of
social control, however. During the 1920s, under the leadership of Wickliffe Rose,
the International Educational Board directed its resources to the physical sciences—
grants for the rehabilitation of European research centers and travel fellowships
for chemists, physicists, and mathematicians. Fosdick, however, was critical. Guided
in part by Frederick Soddy's fear of premature use of nuclear fission, Fosdick
prophesied doom if the physical sciences proceeded unchecked and the savage was
left unrestrained. Despite R. A. Millikan's vociferous objections, and even before
the 1929 stock market crash and the renewed calls for a "science holiday," Fosdick
questioned the wisdom of promoting pure physical knowledge. As a key figure in
the 1928 reorganization of the Rockefeller philanthropies, his priorities would carry
enormous weight. Fosdick's judgment that overinvestment in the physical sciences
merely accelerated the pace of runaway technology and that underinvestment in
the human sciences amplified the atavistic social response became the guiding
principle in the Foundation's singular commitment to support the human sciences
during the 1930s.39

Fosdick's "old savage" suffered from what Chicago sociologist William F. Og-
burn defined as "cultural lag." Adviser to the Rockefeller Foundation and later
member of President Hoover's influential Committee on Social Trends in the United
States, Ogburn identified some of the alarming symptoms of social dysfunction—
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growing divorce rates, delinquency, crime, mental deficiency, personality difficul-
ties, immigrant assimilation, prostitution, alcoholism, and job instability—as
manifestations of cultural lag. They were described as large-scale maladjustments
due to society's inability to adapt to the dislocations of technological change.40

These problems would be addressed through a science of social control.
"We see the abyss upon the edge of which the race is standing. We see the

inevitable doom that lies ahead," Fosdick thundered, "unless we can achieve a
measure of social control far greater than any which we have hitherto exercised."
Pure knowledge was no guarantee of sanity and rationality: Germany's rarefied
wissenschaften nearly annihilated Western civilization. The purpose of knowledge
is to understand and control destructive trends. There was an urgent need for "the
same kind of fearless engineering in the social field that in the realm of physical
science has pushed out so widely the boundaries of human understanding." The
human sciences—biology, eugenics, and the social sciences—held the reins for
taming the savage.41

Fosdick's invocations of social control reflected the pervasiveness of this con-
ceptual framework. During the two decades since its introduction by Ross, the idea
had been adopted in diverse academic spheres. The thesis acquired greater sci-
entificity, higher resolution, and more specific technical formulations derived from
engineering, eugenics, physiology, psychology, statistics, sociology, and the mass
media. Social control attained a particularly strong expression in areas of human
engineering, in the new field of behaviorism, and, most significantly, in sociology,
where the emphasis on behavior and the mission of scientism combined to stimulate
highly technocratic formulations of social control.

The term "human engineering" came into general use around 1910. Inspired by
the rising disciplinary and social status of the engineering profession, the ideal of
human engineering initially spread primarily through the works of "welfare sec-
retaries"—social workers affiliated with industries. As an elaboration of Taylorism,
the function of welfare secretaries was to help implement industrial relations pro-
grams and work design based on the ideal of cooperation. Midway during the 1910-
1920 decade the term "human engineering" came to denote the application of
scientific principles and technical methods to social and educational processes as-
sociated with the maintenance of social order: stable families, work groups, and
rational management of changing sexual and racial relations.42 In academic circles,
human engineering gained immense scientific legitimacy through research in psy-
chobiology, owing a great deal to the intellectual clout and institutional authority
of Robert M. Yerkes who, with the support of the Rockefeller Foundation, de-
veloped models of human engineering based on primatology. These studies gave
primacy to "personality." According to Donna Haraway, "personality" became a
prime object for students of human engineering "because it was central to the two
key levers for psychobiology as a technology of power over labor: the worker and
the family . . . [personality] was an anchor for the control of expanding bodies
through the control of work and sex."43 The reduction of human engineering to a
strategy of domination of capital over labor tends to underrate the diversity and
complexities of goals and practices behind personality studies. Historical studies
make it clear, however, that the emphasis on personality, especially its more tech-



SOCIAL CONTROL 35

nical formulations in the study of behavior, was explicitly linked to the science of
social control.

By the 1920s behaviorism became an influential trend in academic psychology,
its applications ranging from child conditioning to industrial relations. Inspired by
the Loebian ideal of biological control, John B. Watson's "Behaviorist Manifesto"
(1913) promoted a new psychology whose "theoretical goal is the prediction and
control of behavior."44 Neither social scientists nor social workers could ignore the
potent combination of hard experimental science, social utility, and Utopian ide-
ology. Many of the problems of "cultural lag"—the slothful adaptation of people
and institutions to the technological imperative—were conceptualized during the
1920s as problems of "human behavior." "Behavior" replaced traditional terms
such as "conduct," "action," and various mentalistic terms by more aggressive
masculine language and empirical-technological currencies. Behavior became dur-
ing the 1920s the lingua franca of the social sciences.45

The Rockefeller philanthropies played a pivotal role in shaping and promoting
these trends during the 1920s, through massive funding, vigorous institution build-
ing, and the energetic leadership of former Chicago psychologist Beardsley Ruml.
Ruml's two-tier strategy for lifting the social sciences up the Comtean scale was
intended to prod their philosophical musings from armchair lethargy into the lab-
oratory of social control. He thus intended to mold them after the natural sciences
in what Clifford Geertz has critiqued as the quest for a social physics.46 To be sure,
Ruml merely epitomized and empowered the growing trend of scientism during
the 1920s, which aimed to endow the human sciences with the power of prediction
and control through the quantification of human behavior. As one prominent
participant-observer remarked in 1925:

The primary emphasis in the social sciences now falls on behavior. . . . [These
sciences] are seeking both their differentiation from one another and also their
cooperation in behavioristic terms. . . . This exaltation of behavior . . . really
amounts to nothing less than a rather striking and genuine intellectual revolu-
tion . . . [there was an] important shift in scientific interest and emphasis, a shift
from understanding to control . . . from knowledge, from the search for truth . . . to
management, direction, betterment, greater effectiveness. . . .

The "kingdom of behavior" had arrived.47

Between 1922 and 1929, the LSRM under Ruml and the Social Science Research
Council allocated about $41 million to American social sciences, social work, and
their institutions. The University of Chicago, with its emphasis on empirical meth-
ods, became both a model and a target for lavish support. The Rockefeller-
supported institutions shaped research agenda in the human sciences by playing an
important role in determining not only "what" should be studied but "how" it
should be studied.48 As Dorothy Ross has argued, these developments "stilled most
qualms and plunged the profession wholesale into empirical research, from which
they hoped a basic science of social control would emerge."49

By the mid-1920s social control formed the dominant paradigm in the human
sciences. Thus the important text Means of Social Control (1925) by F. E. Lumley
attempted to synthesize the accumulated knowledge on the subject. Building on
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the sociological works of Ross, William G. Sumner, John W. Burgess, and Robert
E. Park, among others, the text acknowledged the insufficiency of definitions of
"social control" but explained that in familiar language, social control meant getting
others to do, believe, think, feel, as we wished them to, "using the term 'we' to
stand for any authority who can have his way with others."

Social control has usually meant that kind of life-patterns, which a government,
through its officers, imposes upon the citizen. But we have seen that social control
means vastly more than that. We might speak of it as the practice of putting forth
directive stimuli or wish-patterns, their accurate transmission to, and adoption
by, others whether voluntarily or involuntarily. In short, it is effective will-
transference. Ideally social control would be in the hands and the interests of the
inclusive group whatever it is; practically, however, it is in the hands of, and often
in the interests of, some few members who have usurped power and know how
to use it. A little reflection will show that all social problems are ultimately
problems of social control—capital and labor, prostitution, taxes, crimes, inter-
national relations.50

This comprehensive elaboration of the concept included techniques of social control
that referred not only to symbol organizations or institutional mechanisms but also
to innate and acquired human behavior, placing great weight on psychology and
biological modes of causation.

The contributions of biology to social control required reassessment and revision,
however. Up until the 1920s eugenics was generally viewed as an explanatory
framework of many social phenomena. By the 1920s, however, eugenics (both
theory and practice) had become problematical, causing considerable unease among
its patrons. Fosdick's sentiments and the Rockefeller Foundation's stand on the
subject are illuminating for their lack of resolution, reflecting the ambiguous status
of eugenics. On the one hand, Fosdick's position revealed a retreat from what only
a decade earlier had been a clear panacea; on the other hand, the lure of rationally
controlled breeding persisted. Like most educated persons of his time—social
commentators, educators, legislators, and scientists—Fosdick strongly believed in
the general veracity and applicability of eugenics; in fact he was still on the advisory
board of the American Eugenic Association.51 Invoking the classical Malthusian
argument, he appealed throughout the 1920s to rational control based on eugenic
principles.

Can the conscious effort of men in any way steer this biological evolution? Is it
possible to adjust the size of population to fit the world's resources so that those
who inhabit the earth can do so in seemliness and dignity? Can we shift the
emphasis from quantity of human life to quality of human of life? Can the science
of eugenics reshape a process that is tumbling with such gigantic forces?52

Fosdick did not underestimate the opposing forces, however. He admitted to
the somewhat Utopian quality of this vision and tempered his expectations with a
conservative disclaimer. He had no "illusions as to the speed or ease, with which
mankind can alter its way of life. There is no royal road to the millennium, no
short cut to the Promised Land."53
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Without a doubt, by the late 1920s the status of eugenics as a bona fide science
was on the decline. Many geneticists realized that the efficacy of applying Mendelian
genetics to human breeding in order to obtain precise and lasting modifications
within a couple of generations was grossly overrated. By that time there was ample
evidence that some genes were pleiotropic (simultaneously influencing several traits)
and decisive proof that many traits were polygenic (determined by the action of
several genes). These findings had seriously challenged the concept of unit char-
acters—that a single gene determined a phenotypic character. Even strict here-
ditarians realized that complex traits, such as different temperaments and gradations
of intelligence, could not be easily outbred or inbred, as they were determined by
complex interactions of genes. The gene itself was largely an abstraction. American
geneticists had succeeded in mapping the gross structural mechanisms of hereditary
transmission, but physical knowledge of the gene and its physiological mode of
action was meager. These realizations placed cognitive limits on the extravagant
scientific claims of eugenics.54

These cognitive constraints, however, did not challenge the fundamental premise
of eugenics—the desirability and eventual ability of selectively controlling human
reproduction. The paucity of knowledge about physical mechanisms of gene action
represented merely a delay in understanding the basis of intervention; lack of
knowledge meant a need for fundamental research. The implicit belief in unit
characters, even among life scientists, persisted well into the 1940s, along with the
intuitive expectations of eugenic intervention.55 As high school and college text-
books of the 1930s reveal, eugenic doctrines still formed an integral part of biology,
social sciences, and education.56

Certainly eugenics as a social and political force showed no sign of decline during
the 1920s. In fact, the scientific status of eugenics suffered from its political visibility.
Eugenics' reputation as a science—as an objective and neutral pursuit—was tar-
nished during the 1920s by the polemics surrounding eugenic sterilization of the
unfit and the debates on race-based immigration restrictions. Geneticists who only
a decade earlier participated actively in academic eugenic projects now shied away
from associated political entanglements. They largely avoided the congressional
hearings leading to the 1924 Johnson Immigration Act and the debates that cul-
minated in 1927 in the notorious Buck v. Bell ruling in favor of sterilization, though
geneticists did not protest these misuses of their science. The polemical style of
extremist groups, such as Paul Popenoe's Southern California circle (and later the
Human Betterment Foundation in Pasadena) threatened to discredit the reputation
of a young aspiring profession, linking it to racial prejudice and political propa-
ganda. For geneticists of a leftist persuasion, among them Hermann J. Muller,
John B. S. Haldane, and Julian Huxley, American eugenics symbolized the barbaric
forces of racism and capitalism. Their own formulations of selective breeding os-
tensibly aimed to bypass the evils of class and race biases.57

The grip of eugenics was also loosened by the growing authority of the social
sciences. Their own framework of social control increasingly offered quantitative
explanations of urban problems and social dysfunction (especially immigrant pop-
ulations) that helped tilt the balance away from racially based determinism of
deviance and from viewing slums, poverty, and crime purely as biological categories.
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The influence of Franz Boas's school of cultural anthropology also had considerable
impact in terms of shifting explanations of human relations from race to culture.
In psychology, both Freudianism and behaviorism offered nonherediterian expla-
nations of personality and behavior, though the empirically driven and practically
minded behaviorism proved particularly attractive to projects of social engineering.
That in the 1920s an absolute cleavage between nature and nurture no longer
dichotomized the study of human behavior was evidenced, for example, in the
interwar works of Robert M. Yerkes and Edward L. Thorndike. Their eugenically
informed studies on individual differences, personality, mental capacities, meas-
urements of intelligence, group psychology, and behavioral norms displayed a
power of synthesis that broadened the insurgence of culture into the kingdom of
nature, at least to a point of symbiosis.58

This diminished stature of eugenics during the mid-1920s—its perceived social
promise and political taint, its cognitive limits and intuitive appeal—surfaced in
the mixed attitudes of the Rockefeller Foundation. The term "eugenics" became
loaded with politics of meaning. The Foundation rejected explicit eugenic projects
while at the same time implicitly endorsing eugenic goals and eugenically informed
programs. Thus the zealous campaign of Edwin R. Embree (director of the Foun-
dation's Division of Studies) to develop a human biology that integrated eugenics
with the social sciences generated unease among the trustees, finally dying an
honorable death in 1927 in the front lines of the policy battle.59 Yet the personal
letter to his supporter Ray Lyman Wilbur (Rockefeller trustee and president of
Stanford University), in which Embree shared his belated lessons, captured the
Foundation's implicit attitude toward eugenics.

A characteristic of race biology or human biology is that the terms are new. This
probably means not necessarily that entirely fresh subjects are to be created but
that different groupings of present sciences are involved. . . . The thing which so
often discredits new subjects is a sloppy disregard of common accuracy and careful
scholarship. This has cursed much of the work in eugenics and mental hygiene
and racial studies. So great is the resulting stigma that many scientists refuse to
have anything to do with these fields of research. As a matter of fact, there is
nothing wrong with the subject; they're more significant than most of the things
scientific scholars devote their lives to. The thing that is wrong is the poor work
by poor brains that too often has replaced ignorance simply by the confusion of
pseudo-science. 60

As Embree saw it, the works of Raymond Pearl, T. H. Morgan, E. G. Conklin,
and F. R. Lillie exemplified the handful of projects that "stand out like peaks
above the dismal swamps of general mediocrity and muddle."61

Thus by 1930 it was primarily the stigma of American eugenics as pseudoscience
and political propaganda, not its potential capabilities, that dissuaded even sym-
pathizers such as Fosdick from seeking social control through large-scale eugenic
projects.62 He seemed to do so with some regret, however, assailing the foes of
progress who opposed "the field of eugenics in an attempt to breed a better race."53

Given its intellectual muddle and political tarnish, Davenport-style eugenics had
become an academic liability, its scope further reduced by the massive development
of the social sciences. Nevertheless, even in its more limited form, eugenics retained
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its authority among the educated elite. Throughout the 1930s social control through
selective breeding based on scientific principles remained a compelling Utopian
vision.

Toward a New Science of Man

On January 4, 1929, the New York Times announced the largest philanthropic
merger in history. "Rockefellers Unite Two Philanthropies—Foundation and Laura
Spelman Memorial Are Merged With Wider Program—Assets Are $264,602,447—
Sum is Greatest Ever Placed in a Single Endowment Fund of its Kind—Scope of
Activities Broad—It Will Include Work in Natural, Social and Medical Sciences
and the Humanities."64 The merger, coinciding with Herbert Hoover's ascent to
the White House, projected a social agenda congruent with the plans of the Great
Engineer. Hoover intended to plunge the nation into social programs of a scale
and urgency comparable to wartime mobilization. As champion of business and a
friend of science, he sought to develop these projects of social control by strength-
ening the cooperation between the two constituencies. His inaugural address, "New
Day," declared crime as the nation's greatest danger, promising the growing un-
derclass a future bright with hope.65 A new era empowered by rational planning
seemed to be dawning. The Rockefeller Foundation entered a state of transition,
absorbing various agencies that had been founded over the previous two decades.
Raymond Fosdick, chairman of the reorganization committee, hailed the merger
as a move toward closer programmatic cooperation and greater unity of purpose
in addressing social problems.

Indeed, by 1928 the Foundation's civic and academic projects and those of its
various boards had overlapped widely with the work of the LSRM. Under the
vigorous directorship of Ruml, the LSRM had broadened its range of activities and
researches well beyond the original aims of public health and emergency relief to
include the social sciences, welfare, family study, education, race relations, and
public administration—projects that drew on eugenics and the social sciences. The
LSRM promoted and sponsored a great deal of research, but not as an end unto
itself; grants were issued for demonstrating concrete applications of newly gained
knowledge.56

At the time of the merger the Rockefeller Foundation took over the program
of the natural sciences from the International Education Board and appointed
physicist Max Mason, outgoing president of the University of Chicago, as the
interim director of the new Natural Sciences Division and as president of the
Foundation in 1929. Though Mason's social background fit closely with the foun-
dation's leadership, the presidential appointment of a scientist (like Hoover's elec-
tion to the national presidency) set a precedent. Neither the nation nor the Foun-
dation had had a physical scientist for a president. Raised during the 1880s in
Madison, Wisconsin in a household inspired more by business acumen and tech-
nological invention than by religion, Mason rose to national prominence through
the practice and management of physics. His distinctions in mathematics at Got-
tingen and as a physics professor at the University of Wisconsin and his decisive
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Figure 2 Max Mason, un-
dated but probably ca.
1930s. Courtesy of the
Rockefeller Archive Center.

contributions to war projects (notably submarine detection) and to the NRC vaulted
him into the political arena of science.67

By the time of his arrival at the Rockefeller Foundation, Mason's concerns had
evolved closer to those of Fosdick; he had developed "a consuming interest in
behavioral research and particularly in the possibility that the physical sciences,
working closely with and through the biological sciences, could shed new and
revealing light on the normal and abnormal behavior of individuals, and ultimately
on the social behavior of groups of men."68 He spent the first couple of years
orienting himself within the wide terrain of the biological and social sciences,
canvassing potential projects and research institutions, and convening with national
leaders. A visit to the White House at Hoover's invitation (three weeks before the
stock market crash) generated a survey of strategies to address social problems, a
project engaging wide professional networks that linked Hoover's influential Com-
mittee on Social Trends, the National Research Fund, and the Rockefeller Foun-
dation to projected scientific research during the 1930s.69

During the interregnum period, the Rockefeller Foundation articulated its broad
objective—"the advancement of knowledge"—and proclaimed research as its chief
tool. In October 1930, at their meeting at Princeton, the Foundation trustees
decided to abandon Wickliffe Rose's policy of supporting any "best science" and
reversed his commitment to "pure science" with its emphasis on physics, chemistry,
and mathematics. "The advance of knowledge" would be "the sailing directions
given to the officers by the board," Mason stated, who proceeded to offer a broad
definition of the term, stressing the social utility of research.
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In fundamental facts there must be research in the narrow sense; but advancement
of knowledge demands also interest in educational processes . . . knowledge is
gained by applying; and sanity and value brought to research.

After discussion, the trustees unanimously concurred that research devoid of social
relevance would become a barren process.70 They announced that the Foundation
would be far more effective if it concentrated its vast resources and targeted them
toward research that lent itself to applications in areas of human relations, a field
they broadly defined as the "Science of Man."

The agenda for the biological sciences was still uncertain in 1930, reflecting the
mixed attitudes of the Foundation toward eugenics and toward its recent incar-
nations as race and human biology. The case of Frank R. Lillie of the University
of Chicago clearly illustrates this ambivalence. Before the founding of Caltech's
biology program under geneticist T. H. Morgan, a proposal for an Institute for
Racial Biology under Lillie closely matched the Foundation's goals in quality and
scope. It was a proposal for developing biological fields relevant to social control.
A prolific researcher and adviser to the Foundation, Lillie had recommended in
1924 a broad approach to genetics, beyond the heredity work "so brilliantly de-
veloped by T. H. Morgan," including the physiology of reproduction, biology of
sex, development, and experimental evolution. Lillie proposed to develop these
topics within an Institute for Racial Biology as a means of addressing the social-
biological problems of the race; the goals and rationale were formulated through
tacit invocations of eugenics.71

Language counts. Admittedly, the choice of name (borrowed from the German
Rassenbiologie) was unfortunate. Both Lillie and Mason agreed in 1931 that "In-
stitute of Genetic Biology" would not be open to misunderstanding. Mirroring the
Foundation's own ambivalence, Lillie's implicit eugenic plan explicitly skirted the
stigma of eugenics, stressing that his organization "should be kept free from all
propaganda concerning eugenics, birth-control, etc.; and in such connections aim
merely to furnish the indispensable scientific foundations on which social prophy-
laxis of the future must depend. "72 Favorably disposed, Mason promised to acquaint
the new director for natural science with Lillie's proposal.73 That during the interim
(1929-1933) Lillie's program received lavish support and that Morgan's program
at Caltech was initially funded under the same rubric of "human biology and
physiological psychology" attest to the perceived unity of purpose between the two
programs and to their congruence with the Foundation's broad agenda in the human
sciences.74

During the fall of 1931 Mason called Warren Weaver, his Wisconsin protege,
to join him in developing the new biology program at the Rockefeller Foundation.
By then Weaver's and Mason's history of collaboration reached back more than
15 years, an intellectual lineage enhanced by their common heritage. Like most of
his midwestern contemporaries at the turn of the century, Weaver's social life in
the small town of Reedsburg, Wisconsin had centered around the church. Growing
up as a son of an entrepreneurial druggist, in a home where the virtues of business
and "engineering" harmonized with prayer and duty, Weaver's Weltanschauung
matured within a nexus of scientific and Presbyterian rationality. Like Mason, he
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Figure 3 Warren Weaver (center) as director of the Natural Science Division
(undated). Courtesy of the Rockefeller Archive Center.

studied and taught physics and mathematics at the University of Wisconsin. During
the years 1910-1920, majoring in civil engineering, young Weaver shone as Mason's
favorite pupil, frequently assisting him in teaching and research.75 Weaver wor-
shipped his mentor, admiring his unbelievable talent for anything to which he
turned.

He was, in my judgment, an absolutely superb teacher. His command of formal
mathematical technique was powerful and effortless. He could be exquisitely
precise, but he could also accomplish imaginative leaps around and over diffi-
culties. He had a great and lasting influence on a large number of graduate
students. . . . I cannot conceal and will not try to conceal the fact that Max was
the most brilliant person and at the same time the gayest and most attractive
companion I have ever known.76

Mason, in turn, groomed Weaver for leadership in science.
Soon after Weaver completed the equivalent of graduate work in mathematics

at Wisconsin, Mason steered him toward R. A. Millikan, Mason's friend at Caltech
(then Throop College). The years of teaching physics and mathematics at Caltech
(1917-1920) were a formative period in Weaver's career and the Institute's ascent;
both demonstrated their academic promise. Just out of school and newly wed, the
impressionable Weaver basked in Caltech's gemutlichkeit and idyllic sunny setting.
Frequent trips to the desert and mountains relieved the pressures of research and
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teaching; the conservative milieu of California's wealthiest families graced academic
life with Pacific gentility. The privilege was enhanced by attending Pasadena's
luxurious Presbyterian church, where the Scottish brogue of the "truly wonderful"
sermons of the charismatic Robert Freeman amplified the intuitive resonance be-
tween the work ethic, "the style and temperament of Presbyterianism," "good
blood," and material rewards.77 The Edenic sojourn was truncated in 1920, how-
ever, when Mason summoned Weaver back to Wisconsin as his chief collaborator.
Millikan, fond of Weaver, reluctantly released him, stipulating that he remain on
a permanent leave of absence. Throughout his tenure as officer of the Rockefeller
Foundation, Weaver remained officially a faculty member at Caltech.78

Of all of Mason's and Weaver's collaborations during the 1920s, The Electro-
magnetic Field, a classic graduate text, testified to Mason's imprint on Weaver's
career and to the profound intellectual bond that eventually led to their collective
commitment to the new physicochemical biology.79 Extremely conservative intel-
lectually, Mason applied his mathematical dexterity mainly to problems of classical
physics. His intense passion for this subject was matched only by an aversion to
the new quantum theory, its concepts of acausality and indeterminacy threatening
to undermine a natural order grounded in law and rationality. "As to quantum
theory," Weaver recalled,

"his [Mason's] attitude was more than mere avoidance or disregard: he actively
disliked the subject, and considered that it was so unpleasantly messy, so full of
internal contradiction, and so clearly headed in the wrong direction that he would
have nothing to do with it.80

Fully sharing his mentor's convictions, Weaver regarded the new quantum phys-
ics as a "flash in the pan," reason gone astray.81 Other collaborations in classical
physics followed. A joint study on the sedimentation and diffusion of small particles
in a fluid and subsequent papers by Weaver offered significant mathematical tools
for the design of the analytical ultracentrifuge of Theodor Svedberg of Uppsala, a
visiting professor of colloidal chemistry at the University of Wisconsin in 1923.82

The Uppsala connection and the analytical ultracentrifuge (a sophisticated device
that sorted and sized macromolecules) would be critical to the growth of the new
biology into the 1950s. The preservation of classical monuments and the application
of deterministic concepts and mechanistic techniques to "backward" provinces of
science reflected both the disillusionment and hope behind Weaver's and Mason's
collaborations.

Though by no means path-breaking or prolific, Weaver's steady mathematical
output ensured his academic future, adding to the stability and contentment of his
family life in Madison. During the late fall of 1931, however, his midwestern roots
were severed once again after a phone call from New York City. Mason's offer of
the directorship of the natural sciences division and a chance to build a new biology
on the bedrock of the physical sciences meant giving up an academic career. At
the same time, this formidable challenge presented Weaver with a novel identity:
that of a scientific manager, a uniquely American professional niche, capitalizing
on entrepreneurial skills while tolerant of intellectual limits.83 As Weaver reflected,
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I was both realistic and accurate about my abilities and my limitations. I loved
to teach, and knew that I had been successful at it. I had a good capacity for
assimilating information, something of a knack for organizing, an ability to work
with people, a zest for exposition, and enthusiasm that helped to advance my
ideas. But I lacked that strange and wonderful creative spark that makes a good
researcher. Thus I realized that there was a definite ceiling on my possibilities as
a mathematics professor. Indeed, I think I realized that I was already about as
far up in that profession as I was likely to go. So this offer opened whole new
possibilities for me.84

This remarkably modest self-appraisal, the opportunity to rehabilitate the biological
sciences, the call to social service, and the loyalty to Mason guided Weaver's
decision to join the newly reorganized Rockefeller Foundation.

The timing of his appointment might have seemed inauspicious. When Weaver
assumed the helm of the natural sciences division at the twilight of Hoover's pres-
idency, the Great Depression had already devastated the nation. Since the Rocke-
feller merger had taken place, 100,000 businesses had failed, corporate profits had
fallen 10-fold, and the gross national product had been slashed in half. About one-
fourth of the labor force—13 million workers—were idle, while millions clutched
onto temporary employment. The soup kitchens and breadlines of the Salvation
Army and Red Cross could minister only feeble relief from the spread of malnu-
trition and disease. Urban jungles sprouted, racial conflict intensified, and bands
of homeless roamed the countryside. The erosion of social structures further un-
dermined the efforts to institute and enforce law and order.

We are witnessing a disarmament of the forces of law and order and social control
at the very height of the engagement against crime and social deterioration. Large
numbers of persons have learned to live by their wits and by their daring in
defiance of law. In thousands of cases the incentive to thrift and law abidance
seems to have been lost. Hordes of youth and men roam the country without
objectives or visible means of support. Our railroad systems are glutted with
them, and from the railroad lines they slink off to beg or to steal. Men of advanced
years have been reduced to want, and know that they will never again be able
to reestablish themselves.

So sounded the alarm bells of Rockefeller's Spelman Fund, calling for intensifying
Hoover's war on crime.85

The trauma of the Depression catalyzed complex national reactions, unleashing
widespread soul-searching and reappraisals of the work ethic, private enterprise,
and the equation of prosperity with biological and social fitness. True, blacks and
the unskilled lost their jobs first, with whites and managerial personnel being the
last to go; joblessness and shiftlessness ranked highest at the lowest echelons.
Eventually, though, the Depression claimed a toll among the poor and rich, the
slothful and industrious, the godless and the devout. The cloak of benevolence fell
from big business, stimulating bolder flirtations with communism and socialism.
The stained hand of business tainted its spiritual ally, the Protestant churches. The
downward spiral in church attendance paralleled a shift to the Left, and many
church leaders and ministers vented their anticapitalist sentiments from the pulpit
and in print.86
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The erosion of the coalition of Protestantism and business damaged their sci-
entific allies. Scientists were trapped in their contradictory claims to purity and
utility; as partners of business and industry they were seen by the public as ac-
complices in avarice. Having lent their expertise to the greed of excessive produc-
tion, they helped unleash technological unemployment and runaway inflation, thus
violating the covenant of prosperity and liberation. Instead of human welfare, their
research was regarded as a source of diabolical technologies that spread poverty
and misery. Plummeting science budgets and a call for a "science holiday" under-
mined the prestige of science. As the Depression lingered, a significant number of
politicized leaders of science, prodded by leftist British colleagues and inspired by
the "Soviet experiment" of planned science, urged a reassessment of the national
role of science toward greater social responsibility. The backlash against science,
however, struck mainly at the inanimate sciences, whose labors fueled the engines
of production. The animate sciences, on the other hand—medicine, biology, and
the social sciences—not only escaped the stigma of business and industry but gained
favor as custodians of human welfare: nurturing, healing, and socially responsive.87

The launching of the Rockefeller Foundation's new deal for biology as part of its
commitment to the human sciences could not have come at a more auspicious time.

The program was inaugurated in 1933. During April 1933 the trustees and officers
of the Rockefeller Foundation held a special meeting at the exclusive Westchester
Country Club in Rye, New York to plan future programs. Fosdick's imprint was
striking. The Foundation's "Science of Man" agenda, by then fully articulated,
echoed Fosdick's 1920s prescriptions for taming the old savage.

Science has made significant progress in the analysis and control of inanimate
forces, but science had not made equal advances in the more delicate, more
difficult and more important problem of the analysis and control of animate forces.
This indicates the desirability of greatly increasing emphasis on biology and psy-
chology, and upon those special developments in mathematics, physics and chem-
istry which are themselves fundamental to biology and psychology.88

The past 100 years marked the supremacy of physics and chemistry, the trustees
observed, but the hope for the future of mankind rested in the development of a
new biology and new psychology.

The challenge of this situation is obvious. Can man gain an intelligent control of
his own power? Can we develop so sound and extensive a genetics that we can
hope to breed, in the future, superior men? Can we obtain enough knowledge
of the physiology and psychobiology of sex so that man can bring this pervasive,
highly important, and dangerous aspect of life under rational control? Can we
unravel the tangled problem of the endocrine glands, and develop, before it is
too late, a therapy for the whole hideous range of mental and physical disorders
which result from glandular disturbances? Can we solve the mysteries of the
various vitamins so that we can nurture a race sufficiently healthy and resistant?
Can we release psychology from its present confusion and ineffectiveness and
shape it into a tool which every man can use every day? Can man acquire enough
knowledge of his own vital processes so that we can hope to rationalize human
behavior? Can we, in short, create a new science of man?
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This new science of man would be based on current and future theories and tech-
niques of social control. Many scientists, philosophers, and statesmen shared this
conviction and possessed the necessary techniques, the trustees noted; but stimu-
lation, support, and leadership were lacking. The Foundation's goal was to provide
the leadership and resources for this coherent and strategic attack on the problems
of human behavior.89

Mason underscored the wisdom of concentration and the urgency of selecting
"fields of critical importance; fields in which the procedures could capitalize on
the rich heritage of the Foundation's long experience." In promoting the biological
sciences, the officers and members of the board drew on a robust tradition, ex-
plaining that "in the Foundation, biology is an interest running back nearly 15
years."90 The "salients" of the concentration, Mason announced,

are directed to the general problem of human behavior, with the aim of control
through understanding. The Social sciences, for example, will concern themselves
with the rationalization of social control; the Medical and Natural sciences propose
a closely coordinated study of the sciences which underlie personal understanding
and personal control. Many procedures will be explicitly co-operative between
divisions. The Medical and Natural Sciences will, through psychiatry and psy-
chobiology, have a strong interest in the problems of mental disease.91

Christened "psychobiology," the new cooperative plan originally emerged as a
single MS-NS (medical science-natural science) unit, parceled into nine research
lots:

1. Psychobiology (psychiatry, neurophysiology)
2. Internal secretions (hormones, enzymes, etc.)
3. Nutrition (vitamins, etc.)
4. Radiation effects
5. Biology of sex
6. Experimental and chemical embryology
7. Genetics
8. General physiology (cell physiology, nerve conduction, etc.)
9. Biophysics and biochemistry

a design bearing a remarkable resemblance to Lillie's proposed "Institute for Genetic
Biology."92

The Foundation no longer endowed institutes during the 1930s, thus eventually
disposing of Lillie's grand blueprint; but there is no ground for assuming that his
visions were ignored. His plans, which were referred to as "the spearhead of the
[Foundation's] thrust," had the officer's ear for over a decade, and his advisory
role in the Foundation shaped the design of the psychobiology program. Although
the new biology explicitly excluded the old eugenics, it nevertheless intended to
address a similar range of issues with greater breadth and rigor. The fields slated
for support would be developed in order to supply biological explanations of the
processes underlying human relations, particularly hereditary mechanisms.93

Thus in preparation for designing the new cooperative biology program Weaver
spent the month of July at the 1934 SSRC Hanover conference on human relations.
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These annual conferences, established a decade earlier to provide an exchange
forum for creating a social vision, traditionally focused on problems of social control
and social engineering.94 As in the past, the deliberations of practitioners from the
social sciences, humanities, education, and the arts (and a few life scientists) cen-
tered on the urgent problem of "personality needs" and on "recasting of prevailing
ideas and conceptions of human nature and conduct." These conceptions of per-
sonality and behavior were constructed within the dominant cultural and intellectual
frameworks of the time, tying together genetics, physiology, medicine, psychology,
anthropology, sociology, and political science into the service of the managerial
sector and its cultural armamentarium. Accordingly, Weaver grouped the salient
lessons on human relations into five categories that bore direct relevance to bio-
logical research: biological maturation, major features of American culture, de-
velopment of personality, personal and social problems, and world views. The age-
old query "How are things inherited?" led the list of two-score items, spanning
physiology, sexuality, intelligence, and mental attributes. The conjunction of heredity
and behavior was implicit in Weaver's outline.95

The new biology and the new science of man were long-term projects. Even the
Foundation's officers did not view the cooperative venture as a union between
"consenting adults" but more as an arranged liaison of partners at different stages
of maturity. Practitioners in the natural sciences, Weaver stressed repeatedly, had
already evolved the proper frame of mind and research ethos: experimentation,
quantification, and objectivity. Methodology was in place, and it was just a matter
of stimulating and guiding research interests in prescribed directions. The medical
sciences, however, were still plagued by second-rate work and lack of proper
appreciation for research, especially for genetics and behavior; and of all medical
fields, psychiatry was seen to be trapped deepest in the prescientific stratum. Under
the leadership of recently appointed director Alan Gregg, the medical sciences
could be mobilized toward the rigorous study of human behavior. Gregg's strong
eugenic instincts and enthusiasm for psychogenetics were intended to sensitize
psychiatry to the hereditary elements of human potential.96

Despite their drive toward scientificity, Weaver viewed the social sciences as
even more primitive than psychiatry. Descriptive and qualitative, they caused the
interdisciplinary partnership considerable embarrassment. "In the social sciences,
the institutional program must not only modify the attitude toward research, but
must also modify the attitude as to what constitutes research," Weaver com-
plained.97 The need for rehabilitation was particularly urgent in psychology, "which
should receive important emphasis in the program," but presented "something of
a dilemma," according to Weaver. Presumably still tied to the apron strings of
moral philosophy, psychology would have to be intensively restructured before it
could assume its central role in the Rockefeller program. Accordingly, the Division
of Social Sciences, under its new director Edmund E. Day, aspired to surpass its
precursor LSRM in both style and content. Even beyond Ruml, Day strove to
inculcate the social sciences with professionalism, the proper research ethos, and
the scientific habit of mind that would accelerate it toward a science of social control.
As Day saw it, "the validation of the findings of social science [must be] through
effective social control," with human engineering as the endpoint of research.98
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When discussing the "advancement of knowledge" and formulating the "new
science of man," the trustees left no doubt as to the relation between pure and
applied research. Research merely led to publication, which had at best restricted
possibilities, they believed.

It is open to question whether the welfare of mankind can more wisely be served
by more knowledge or by better dissemination and thorough application of ex-
isting knowledge. . . . Indeed we would strongly advocate a shift of emphasis in
favor not only of the dissemination of knowledge, but of the practical application
of knowledge in fields where human need is great and opportunity is real.

The trustees worried that mere accumulation of facts, untested by practical appli-
cation, was in danger of becoming a substitute rather than a basis for collective
action. As practical men of affairs imbued with social purpose, they believed that
under the influence of the scientific method scholarship tended to become obsessed
with collecting facts for their own sake while disregarding the lessons implied by
the facts."

In 1933 the trustees agreed to return to the point of view of the LSRM, which,
they stressed, aptly expressed their own. "The Memorial had no interest in the
promotion of scientific research as an end in itself; its motive was not sheer curiosity
as to how various human and social phenomena came to be and are; the interest
in science was an interest in one means to an end."100 Their insistence on a tight
link between intellectual curiosity and practical goals guided the Foundation's policy
not only through the exigencies of the Depression but throughout the 1930s and
beyond World War II. Citing that precedent in 1939, Joseph H. Willits, former
head of the Wharton School of Business and the newly appointed director of the
Social Science Division, warned Fosdick (then president of the Rockefeller Foun-
dation) that it would be a mistake to identify the Foundation's interests entirely
with those of the university and research world, where projects tended to be overly
theoretical.101 As director of Natural Sciences, Weaver would constantly need to
negotiate the purpose and substance of biological projects with four congruent,
though distinct constituencies: the trustees, the medical sciences, the social sciences,
and his own. Even during the 1940s, as his confidence rose along with the clout
and credential of the molecular biology program, Weaver continued to shuttle
between laboratory and the boardroom, repairing and forging links between sci-
entific imagination and political realities.

During the next few years Weaver's program was modified, reflecting changes
in intellectual and institutional dynamics. It increased its conceptual and structural
autonomy by establishing a greater distance from the medical sciences, shedding
along the way the outmoded category "internal secretions" and deemphasizing the
rhetorics of sex research. The program's name changed from "Psychobiology," to
"Vital Processes," to "Experimental Biology." Finally, in 1938 Weaver unveiled
the name "Molecular Biology," defining the term as "subcellular biology" and the
"biology of molecules." When analogizing the new biology to modern physics,
Weaver compared the divisibility of the cell (the "older" unit of analysis) into
subcellular units to the divisibility of atoms to subatomic units. The two new sci-
ences, both predicated on powerful atomic and molecular probes, grounded their
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Table 1-1. Rockefeller Foundation Expenditures in Natural Science Fields,
1933-1938

Category %*

1.

2.
3.
4.
5.
6.
7.
8.

9.

10.
11.
12.

Application of physical techniques to biology
a. Math., physical investigations

of tissues, cell, molecules
b. Spectroscopy and biology
c. Isotopes and cyclotron
d. Physical chemistry and biology
e. Organic chemistry and biology
f. General biochemistry
g. General biophysics

Subtotal "vital processes"

General physiology
Nutrition
Genetics
Embryology
Endocrinology
Radiation effects (NRC)
Sex research (NRC)
Subtotal (2-8)

Aid to groups

Subtotal concentrated program. (1—9)

Exceptions to program
General program
Old program
Total (9-12)

$175,904

168,786
309,604
356,137
635,794
369,375
141,290

$2,156,890

651,052
290,153
422,365
131,026
326,248
234,340
530,620

2,585,804

2,305,485

7,048,179

245,835
677,500

1,956,159
$9,927,673

2.5

2.4
4.3
5.1
9.0
5.2
2.0

30.5

9.3
4.1
6.0
1.9
4.6
3.3
7.5

36.7

32.8

100.0

*Pcrcentages figured on total of items 1-9.
Modifed from R. E. Kohler, "Warren Weaver and the Rockefeller Foundation program in molecular biology."
In N. Reingold (ed.), The Sciences in the American Context. Washington, DC: Smithsonian Institution Press,
1979. Reproduced with permission.

strength in the study of the "ultimate littleness of things." Their control over nature
was to be derived from manipulating miniaturized bits of matter.102

How were these miniaturized bits of animate matter to tie to human behavior?
How did Weaver's interdisciplinary scheme differ from the research efforts in
psychiatry, the medical spearhead of "Science of Man"? "Our objective is broader
than psychiatry," Weaver explained in 1935,

The direction of our activity results from the fact that we are attempting to sponsor
"the application of experimental procedures to the study of the organization and
reactions of living matter." We have chosen this activity because of a conviction
that such studies will in time lay the (only?) sure foundation for the understanding
and rationalization of human behavior. In this ultimate goal we merge closely
with the ultimate purpose of the MS [medical science] program. These statements
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define the direction of our activities. The narrowness of our aim, within this general
direction, is set by the specific definition of the recognized sub-fields.103

Thus the thematic narrowness of the new biology program is deceptive when taken
out of its broader context of the human sciences. This molecularization of life was
to be applied to the study of genetic and epigenetic aspects of human behavior.
Based on the faith in the power of upward causation to explain life, Weaver and
his colleagues saw the program as the surest foundation for a fundamental under-
standing of the human soma and psyche—and ultimately as the path to rational
social control.

The select subfields which defined the new biology program were targeted for
enormous grants (Table 1-1), and a number of American research centers became
primary sites for these developments, including the University of Chicago, Caltech,
Stanford, Columbia, Harvard, and Wisconsin. When selecting Caltech as a primary
site, the officers explained that research in biology (under T. H. Morgan) and in
electron diffraction methods (under A. A. Noyes and Linus Pauling) had already
progressed to the point where applications commensurate with the Foundation's
program could be realized.104 As Mason saw it in 1933, "C.I.T.-Research in Chem.
is at the center of the program of study of vital processes as furnishing aid in the
sciences underlying human behavior."105 Led by world-class researchers in genetics
and the physical sciences and well-connected to the Rockefeller hierarchy, Caltech
presented a unique setting for the newly designed biology. Freed from the omnip-
otence of established biological traditions—medical education, agricultural inter-
ests, evolutionary biology, the residues of natural history—molecular biology had
a clear mandate. Wedded to engineering and the physical sciences, the new biology
was implanted in a cognitive-institutional matrix that could foster an understanding
of life inspired by visions of human engineering.
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CHAPTER 2

Technological Frontier: Southern
California and the Emergence of

Life Science at Caltech

Machine in the Pacific Garden, 1900-1930

"American social development has been continually beginning over again on
the frontier," proclaimed Frederick Jackson Turner in his famous "frontier thesis,"
unveiled at the 1893 meeting of the American Historical Association during the
World's Columbian Exposition in Chicago.

This perennial rebirth, this fluidity of American life, this expansion westward
with its new opportunities, its continuous touch with the simplicity of primitive
society, furnish the forces dominating American character. The true point of view
in the history of this nation is not the Atlantic coast, it is the Great West.

Escorting Theodore Roosevelt in his imperial ushering of the "Pacific Era," Turner
provided Roosevelt's quasimythical epic The Winning of the West (1889) with an
interpretive framework appropriate to academic discourse. In shaping the national
conception of American history, his celebrated "frontier thesis" also inspired and
sustained Caltech's self-image as a cultural and scientific pioneer; the institute
perceived and presented itself as spearheading the frontier mission.1

Speaking for the new "objective history," Turner ventured beyond race ideology
and the teleology of Anglo-Saxon destiny. In articulating the significance of the
frontier in American history he elaborated a dialectic of closure and opportunity,
maturity and rebirth: "the gate of escape from the bondage of the past." Though
unwittingly appealing to universal myths of regeneration through eternal return to
cosmogony, Turner endowed the timeless acts of creation with temporal, cultural,
and political specificity. The "frontier thesis" offered a serviceable historical par-
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adigm for expansionism and industrialization and supplied a metaphor for Caltech's
scientific ambition.2

To Turner, as to most Americans at the turn of the century, Southern California
symbolized the Western frontier. The north, centering around San Francisco's
excellent port, teeming commerce, and rich culture, had by then verified civiliza-
tion's mastery of the occidental landscape. Southern California and Los Angeles,
however—"cow counties," as they were then called—held the intrigue of virgin
lands and untapped promise of the Pacific Era. Southern California had experienced
minor growth on the coattails of the gold rush, but it was the completion of the
transcontinental line to San Francisco in 1869, its extension to Southern California
in 1876, and the addition of the Santa Fe line in 1886 that literally put the region
on the map.3

That Turner's "frontier thesis" was more a trope for economic and social ex-
pansion than an authentic historical explanation is evident from its share of ironies
and misconceptions. Speaking as he did from the Olympian heights of American
academe, Turner articulated the cultural perceptions of the genteel conqueror; his
ethnocentric thesis betrayed a blindness to the rich record of non-American frontier
experiences in Southern California. The thriving Mexican population of the region
had been largely written off as a "vanquished" element, a primitive, picturesque
relic. The burgeoning Chinese culture from San Diego to Monterey left a mere
trace. This "Cathay in the South" accounted for millions of dollars in export from
the fishing and abalone industries, revenue from citrus and produce cultivation,
and railroad construction—Yankee ingenuity at work according to local histories.
Laboring under the arrows of racial abuse and economic handicaps and following
a massacre in one of the worst race riots in American history, most of the Chinese
left by 1900. The final shipment of first-generation Chinese—piously packed sittings
of dust and bones from 850 Chinese graves in Los Angeles—reached China decades
later. By 1900, with the return of the Mexicans and with a large Japanese immi-
gration, the American experience on the "Western frontier" was densely inter-
woven with that of earlier cultures.4

Southern California by then hardly qualified as a frontier. After 1870 the pop-
ulation of the "cow counties" had increased at a phenomenal rate. The enterprising
campaigns of railroad baron Collis P. Huntington had lured hundreds of thousands
of convalescents, tourists, and land speculators to the "subtropical" paradise and
its curative climate, sparking the real estate boom of the 1880s. Between 1887 and
1889 more than 60 new towns with a population of about two million were laid out
in Southern California; from 1890 to 1910 the population increased by about 300
percent, due to an enormous migration from the Midwest. Los Angeles and its
vicinity had paved streets, sewer systems, hotels, and even a handful of colleges,
among them Throop College (1891), the precursor of Caltech. After the discovery
of oil deposits during the 1890s, the sprawling city glowed with pride and power—
the first city in America (perhaps the world) illuminated by electricity. By 1900
the Los Angeles Chamber of Commerce trumpeted the region's agricultural and
commercial potential, envisioning an enormous growth sustained through tech-
nological innovations.5
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Even as Turner spoke, Southern California was already commercially developed.
Having absorbed the energy and sweat of Mexicans, Chinese, and Japanese pioneers
into their own entrepreneurial projects, the region's business leaders anticipated
an industrial revolution, a Pacific reenactment of the Atlantic theme. Their scheme
of turning a semiarid province into a lush metropolitan garden hinged on high-
level technological developments, aggressive control of key resources (water, tim-
ber, fuel, and labor), and management of the complex processes of urbanization.
By the decade beginning with 1910, Turner had extrapolated the "frontier thesis"
to the "spiritual West"—to the political, social, and academic realms—propound-
ing a conception of national identity grounded in technological mastery and private
initiative.6 This formulation, which resonated with the ideology of Los Angeles'
business elite, provided a sense of historical mission for Caltech's participation in
the Pacific industrial revolution.

Los Angeles' industrial expansion was predicated on ruthless tactics of water
acquisition and distribution, strategies rooted in supply-side thinking that "if you
don't get the water you won't need it."7 Los Angeles had thrived on the abundance
of the Los Angeles River watershed, which embraces the San Fernando Valley.
However, even with ample water supply for its 1900 population of about 100,000
and its watershed rights secured, Los Angeles soon invented the concept of "water
famine" based on the discrepancy between the present supply and anticipated
needs. A syndicate of empire builders, men who played a pivotal role in developing
Caltech, masterminded a drive to alleviate the so-called water famine: the notorious
Owens Valley and Hoover Dam projects.8

The syndicate—Harry Chandler, land developer, Caltech trustee, and president
of the Los Angeles Times (probably the wealthiest and most powerful man in the
West), and Henry Huntington (heir to Collis Huntington), transit magnate and
Caltech Associate—had acquired most of the San Fernando Valley. After estab-
lishing themselves within the city's water board, they seized control of the water
supply. Operating within a conspiratorial silence and later benefiting from public
misrepresentations in the Los Angles Times, the "water ring" engineered the 238-
mile city-built aqueduct (1913), which diverted the Owens River to the San Fer-
nando Valley. The ruined community of small growers of Owens Valley, the col-
lapsed real estate, and the lush valley transformed into the first man-made desert
was the price of developing hydroelectric power in Southern California. In 1928,
after years of bitter litigation ending with the syndicate's victory over Owens Valley,
the Boulder Dam bill (Hoover Dam) passed in Congress, securing Los Angeles'
rights to tap the Colorado River. By the 1920s, Chandler's "Los Angeles First"
philosophy had been expanded to include the entire Southern California region,
from the Arizona border on the east to Mexico on the South.9

With torrents of water in the aqueducts, the speed of industrialization in the
Southwest seemed to surpass the power of the imagination. California's older
agricultural industry boomed; "America's natural hothouse" became in the 1920s
the nation's supplier of produce. The agribusiness bonanza, capitalizing on tech-
nological advances such as shipping, refrigerated cars, and trucking, followed the
development of irrigation technologies and hydroelectric power, which harnessed
the resources of the Owens Valley and the Colorado River. The rise of the oil
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industry generated enormous wealth, which in turn stimulated growth in dozens
of directions: trucking and automobile industries, ship building, and the nascent
aeronautical enterprises. The new motion picture industry created seemingly end-
less opportunities for fortunes, further contributing to the housing boom, which in
turn stimulated the already prosperous lumber industry and further boosted the
use of hydroelectric power. The myriad industrial and commercial activities spurred
the growth of banking and finance; the decentralization of the Federal Reserve
System, which offered money to agricultural regions at low interest rates, also
accelerated the region's financial autonomy through the advent of branch banking.10

Southern California burst into the national arena during the 1920s sui generis;
its indigenous industries (with the exception of the motion picture industry, financed
heavily by the Rockefeller and the J. P. Morgan groups) derived their might from
the region's own business magnates and were sustained by its new professional
elite: law, medicine, and engineering. While big business in the Northeast relied
on the old, elite universities for scientific and technological expertise, Caltech, the
region's first industrial research liaison, provided an escape from the bondage of
the past by cultivating a forward look. Southern California was undergoing a "de-
layed" industrial revolution; in some sense, the first two decades of the "Pacific
century" paralleled the second half of the "Atlantic century." The Southwest's
industrial revolution, though, diverged from the experience of the Northeast qual-
itatively and quantitatively. Southern California not only developed different kinds
of industry, they accelerated and compressed the stages of industrialization: vertical
integration, investment banking, and urbanization. Even more so than in the East,
the swiftness of industrialization in the Southwest contrasted sharply with the slug-
gishness of political adaptation to a changing social landscape.

As in the Northeast, racial myths informed the projects of expansionism, free
enterprise, and industrialization. The influential California booster and visionary
Joseph Pomeroy Widney advanced the classic argument that "the Captains of
Industry were the truest Captains in the race war."11 In the Southwest, however,
the conjunction of race, ideology, and enterprise acquired a specific significance,
grounded in the region's geography and demographics. Charles Fletcher Lummis,
Ohio-born editor of the Los Angeles Times, promulgated "the new Eden of the
Saxon home-seeker," equating the rise of the Anglo-Saxon West with the decline
of the foreigner-infested East and the evolutionary improvement of the Nordic
stock in Southern California with its loss of vigor in the East.12 To many American
newcomers, Southern California signified a refinement of the notion of racial su-
periority and manifest destiny.

In his influential two-volume epic, Race Life of the Aryan People, the Ohio-
born physician Widney, notably a founder of the Methodist-affiliated University
of Southern California, articulated the community sentiment by "proving" the
superiority of the Engle people (Anglo-Saxons) of Southern California. Educator,
polymath, and cultural benefactor, Widney claimed that the Southwest Engles had
overcome the Spencerian imperative. Having proved the law of survival of the
fittest, they had paved the way for a higher civilization. Los Angeles and Istanbul
marked the endpoints of the arch of Aryan civilization; Los Angeles' destiny was
the fulfillment of the mission of an Aryan city of the sun.13
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There were fundamental incompatibilities, however, between the boosters' quest
for modernity and their tenacious clinging to tradition; they were soon confronted
with the costs of their technological Utopia. The business elite that had arrived
around the turn of the century had imported the small-town values of the Repub-
lican Midwest, a rural culture centered around home owning, church going, and
"dry" living. California was not "New Iowa," though, as it was frequently called.
The family farm, the traditional unit of stability and continuity, was largely absent
in California. Cycles of boom and bust generated perpetual social flux. Constant
migration undermined a sense of community. Around 1930 approximately 66 per-
cent of Californians had been born in other states, giving currency to the local
expression, "I'm a stranger here myself." The uprootedness and perpetual flux,
along with the growing presence of a restless underclass, generated the distinctive
social disorders of the urbanizing Southwest.14

Perennial confrontations between big business and the region's disenfranchised
labor force punctuated the industrialization process. Work opportunities and the
promise of wealth attracted not only the enterprising "Nordics" but also the "in-
ferior" social elements and foreign immigrants. As in the Northeast, the foreign
labor force—Mexicans, Japanese, Filipinos, and Eastern Europeans—that formed
the backbone of the Southwest's industrial and land development consisted mainly
of unskilled workers. Unusually ruthless management tactics, coupled with the
powerful grip of the "press axis" of the Los Angeles Times, squelched most attempts
at labor organizing; Los Angeles' notorious "open shop" practices lasted well into
the New Deal.15

The migratory farm labor that powered California's booming agribusiness en-
dured abysmal treatment. These seasonal foreign workers—mainly Mexicans, but
during the Depression also the "Okies" and "Arkies"—were prodded to produc-
tivity under inhumane conditions that combined the sweatshop tactics of the North
with the stoop labor operations of the southern plantations, practices that earned
California farms the notoriety of "factories in the field." The confrontations be-
tween labor and capital wrought by these conditions and by the resistance to labor
unionizing erupted intermittently in intense racial fury.16

Many Protestant churches in the region, as elsewhere, helped to legitimize the
social order. At the magnificent Pasadena Presbyterian church, which so captivated
young Warren Weaver, Reverend Robert Freeman uplifted his affluent flock,
preaching in his Scottish brogue on the virtue and rewards of the work ethic, the
Christian mission in California, and the threats to Americanism. He raged against
foreign-born college teachers, who "without our wholesome traditions . . . make
Bolsheviki out of those American-born children," impressing on his listeners that
"We are here to keep up the average morality of the world."17 He warned Caltech's
community of "the threat to our civilization from Mexican immigration now that
the Johnson Act restricted European labor" and from the growing presence of the
Orientals and their Buddhist temples.18 One anonymous letter-writer, however,
venting moral indignation atypical of the community, cast a shadow on Freeman's
sunny alliance with Pasadena's gentry, doubting that
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the poor of our land, the men and women who earn their bread by the sweat of
their brow, had they heard your sermon, would have felt that it was sweet and
beautiful to work hard that the capitalistic whales might enjoy themselves. Has
it occurred to you, dear reverend sir, that you are not serving the purpose of
Christ? Have you ever told yourself, Sir? That to pander to the aristocracy of
mammon was an absolute contradiction to the aims of a servant of the Lowly
Nazarean?19

Signed, A Listener. This devastating criticism contrasted with Freeman's extraor-
dinary popularity with his wealthy, educated congregation.

The denigration of the Mexicans and Chinese during the nineteenth century
belonged to a pattern of virulent nativism; but by the 1920s the immense disparity
between the poverty of a growing underclass and the luxury of a small ruling elite
created conflicts that seemed to confirm Widney's notion of a race war. The grip
of conservative Republican politics and its nativist fervor juxtaposed against rising
social disorder fostered in Southern California an extreme form of negative eu-
genics. Under the banner of science and the zealous leadership of Paul Popenoe,
Widney's version of the Spencerian doctrine acquired greater legitimacy and social
potency. Popenoe argued that race deterioration increased because the immoral
and stupid class went unchecked. Because as individuals they were incompetent to
practice birth control, only voluntary and compulsory sterilization could preserve
the quality of the Anglo-Saxon germ plasm. From the Progressive Era until about
1940, California led the nation in sterilization of the insane, feeble-minded, unfit,
and morally degenerate.20

Like other Protestant churches, Pasadena's Presbyterian church bestowed on
eugenics the power of a moral imperative by sanctifying science and objectifying
theology. From his pulpit, Freeman delivered the masterful sermon "Qualifying
for Survival," dexterously distinguishing between survival in the animal kingdom
and survival in the world of man.

Theologians are ready to make large concessions to the theories set forth in the
Origins of Species, and scientists are less arbitrary and sweeping in their demands
for those theories . . . in the world of men these two things are true: there are
those who survive despite unfitness, and there are those who, though marked by
an initial unfitness, make themselves fit to survive. There are the ragweed and
the rattler; the mosquito and the despicable housefly in humanity, which although
they make no beneficent contribution to life, they only poison and destroy, con-
tinue to exist.21

Freeman's later participation in California's sterilization program bespoke his social
commitments.22

The problems of labor unrest, immigration assimilation, and social control in
Southern California accelerated with remarkable intensity. The Protestant business
establishment began experiencing the dark side of progress less than two decades
after it put down roots. As with the technological utopianism underlying the in-
dustrialization of the Northeast, the architects of the Pacific civilization had to face
the mutually contradictory elements in their plan. To the ruling elite, labor agi-
tations represented irrational behavior that retarded the march of progress and
threatened the political order.23 They did not perceive the fundamental incompat-
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ibility between their dependence on a pool of unskilled alien labor and their goal
of Aryan hegemony in the sun. Blind to the complexities of human nature and the
lessons of history, the Protestant establishment experienced the conflict between
the Dionysian will to power and the Apollonian longing for harmony. As with
earlier experiences of industrialization in Europe and America, the visionaries
mourned the lost image of a gemeinschaft in the midst of their frenzied creation
of a metropolitan gesellschaft. Deifying the machine in their garden, they longed
for the simplicity of the very bucolic life they had helped to destroy.24

Henry O'Melveny, Southern California's most powerful lawyer, custodian of
massive land and industrial enterprises, and Caltech's oldest trustee, unwittingly
celebrated these incongruities. "In this land of balmy airs, soft skies and gentle
seas," he reminded his Caltech audience posed on the threshold of summer,

there lived in the old days a people who were indifferent to money, who carried
their religion into their daily pleasures and sorrows, were brotherly one towards
another, contented, beautiful, joyous. . . . [T]hey, like you have seen and heard
the first rains of winter fall gently on hill and mesa . . . the orange light of the
poppy kindle the slopes. . . . They knew, as we know, that the August sunshine
would plump the fig with sweetness and would be caught and imprisoned by the
clustering grapes. . . . From the voices of the past there must come to you the
faintly articulate call to remember the people whose dauntless courage discovered
this land and who kept it through the years, awaiting your coming.25

By this joyous people he of course meant the Mexicans, who even as he spoke
stooped in the sun cultivating Pasadena's garden. O'Melveny's paean to the land
conveyed to his young technocratic audience a sense of appreciation and loss,
entitlement and gain. The benefits of historical hindsight would have illuminated
similar dissonances between Edenic myths and civilizing mission. Previous discourse
of colonization also wrestled with conflicting tropes: pleasures of temperate weather,
bucolic landscape, ripened fruit, and sensuous natives juxtaposed against the threats
of naked nature to the culture of mastery and self-denial.26 O'Melveny's poignant
appeal—a tacit expression of Turner's frontier metaphor—created a false sense
of continuity between the work ethic and the extinct culture of sensuality and
inefficiency, between the lure of naked nature and the technological imperative on
the Western frontier.

Cooperative Ideal: Toward a Life Science at Caltech

In 1908 when George Ellery Hale, founder of American astrophysics, began his
"big scheme" to establish a premier scientific institution in Southern California,
biology did not figure in the plans. He had come to Pasadena in 1903 to head the
Mount Wilson observatory under the auspices of the Carnegie Institution, but his
goals broadened after becoming a trustee of Pasadena's Throop College. He set
out to transform the manual training school into a first-rate college of science and
engineering, a project that called for the patronage of the Carnegie and Rockefeller
philanthropies and matching contributions by Southern California's private sector.
A son of a wealthy Chicago businessman and a cultivated Anglophile, Hale glided
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gracefully through Los Angeles' circles of wealth, the advisory boards of the large
foundations, and the committees of the National Academy of Science. His effec-
tiveness in these interconnected spheres of power—science, industry, business, and
philanthropy—stemmed from strategic planning buttressed by an ideological alli-
ance with private enterprise.27

In carving a niche for a premier technical institution in Southern California,
Hale resounded the themes that animated the region's development projects, the
frontier discourse. "In California the conditions and need for technical education
are unsurpassed," he told the Throop board of trustees, appealing simultaneously
to their sense of destiny and their pragmatic proclivities.28 His plea echoed their
own aspirations and ideology. Henry Robinson, the Ohio-born financial magnate
and president of Security First National Bank, invested enormous resources in the
new institution. Trained at Cornell as an engineer, he had come to California in
1907 to retire, having by then made a fortune in railroads, newspapers, and (after
taking up corporate law) banking, steel, and tin. The lure of Southern California's
virgin land turned Robinson's retirement into a big business bonanza. His invest-
ment in Throop beginning around 1910 and continuing through the 1920s paralleled
his energetic development of the oil, telephone, railroad, metal, and lumber in-
dustries, his involvement in banking and investing, and finally his directorship of
the Southern California Edison Company.29

Throop trustee Norman Bridge contributed financial as well as cultural re-
sources. A former professor at the University of Chicago Medical School and
member of Chicago's board of education and election commissioners, Bridge had
always led civic projects. After arriving in Pasadena he gave up medicine for bank
and oil company directorships, a partnership in a law firm, membership on the
board of education, and management of educational and cultural institutions. His
contribution of more than $250,000 to establish the Norman Bridge Laboratory of
Physics (to be headed by R. A. Millikan), a donation he tripled during the next
decade, expressed his dual commitment to Throop College and the Anglo-Saxon
mission in Southern California.30

Hale centered his plans within the region's political economy. He argued that
a first class institute of technology such as Throop would provide the engineering
expertise for developing power transmission, oil fields, shipbuilding, and "the ex-
tensive hydraulic undertakings, such as the great aqueduct now being built [Owens
Valley Project] to supply Los Angeles and the surrounding region with water."
The argument empowered the expansionist designs of water czar Harry Chandler;
his trusteeship of Throop for a decade and a half overlapped his development
projects. With the same persuasiveness with which he solicited Carnegie and Rocke-
feller money, Hale convinced California's business leaders that their support of
Throop College would increase their effectiveness in developing the region and,
in turn, further the goals of Western civilization. Not everyone applauded. "You
believe that aristocracy and patronage are favorable to science," James McKeen
Cattell charged Hale a couple of years later, "I believe that they must be discarded
for the cruder but more rigorous ways of pervasive democracy."31 Cattell's instinc-
tive mistrust of the influence of business on academia contrasted sharply with Hale's
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championship of private initiative and his rejection of government interference in
science.32

By 1915, after five years of persistence, Hale had secured a commitment from
his close friend at the Massachusetts Institute of Technology, chemist Arthur Amos
Noyes, to join him in placing Throop at the center of the academic map. A son of
a wealthy and scholarly New England lawyer, Noyes was Hale's academic and
social counterpart. Founder of American physical chemistry, lover of poetry, and
a genteel negotiator in the academy and the board room, Noyes also shared with
Hale what Millikan later extolled as their "Nordic" roots. Hale and Noyes agreed
that Robert A. Millikan of the University of Chicago should be the future leader
of physics at Throop. In 1917 at the peak of the preparedness period, when the
Gates Chemical Laboratory opened (the donation of lumber tycoon C. W. Gates),
the two men lured Millikan to Throop through a sizable research fund, hoping that
his part-time involvement would turn into a permanent commitment.33

In 1921, when he joined the California Institute of Technology (so renamed in
1920) as the director of the Norman Bridge Laboratory and chairman of the Ex-

Figure 4 A. A. Noyes, G. E. Hale, and R. A. Millikan on the steps of Gates
Laboratory, ca. 1917. Courtesy of the California Institute of Technology Archives.
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ecutive Council, the mature Millikan represented the quintessential American sci-
entist. Raised in Maquoketa, Iowa, the son of a Congregational preacher, Millikan
embodied the resonance between small-town traditional values and America's growing
scientific cosmopolitanism. A graduate of Oberlin, his mother's alma mater, Mil-
likan completed his doctorate in 1895 under Albert Michelson at the University of
Chicago, followed by postgraduate work in Germany's top physics institutes. By
1913 he had attained international renown for his "oil drop experiment," yielding
the value of the electron charge, for which he would win the Nobel Prize in 1923.
He also gained national recognition for his managerial skills. He was an active
member of America's scientific societies and was editor of scientific journals; as
director of research for the National Research Council, he directed cooperative
war projects for the army and navy. This period was one of close cooperation with
physicist Max Mason, who would later become president of the Rockefeller
Foundation. Equally important, Millikan emerged as a powerful orator and a po-
pularizer, promoting science as a national resource and moral force on par with
Christianity.34

Spearheading the campaign for private patronage of science and promoting
Caltech's contributions to national power, Millikan trumpeted the lessons of the
Great War. Neither soldier, officer, nor industrialist could remain in the lead
without the brains of America's researchers. Anointing the scientist as "creator of
wealth," Millikan described him as a frontier man, "the explorer who is sent on
ahead to discover and open up new leads to nature's gold."35 Following the rhe-
torical tradition of Johns Hopkins physicist Henry Rowland, Millikan did not argue
so much for the obvious utility of applied science and engineering but for undirected
research as the fountainhead of technology. Massive support of pure science, Mil-
likan claimed, was the best long-term investment in economic and political might—
not through the paternalism of government but by the private initiative of the
captains of business and industry, whose self-reliance had generated America's
wealth and power.36

Millikan expressed the ethnocentric conception of progress and social control
shared by so many of his successful contemporaries: Private initiative and tech-
nological development marked an advanced stage of racial evolution. Innately
driven, the Nordics continuously thrust forward, whereas Africans, Asians, and
Jews (arrested at the stage of the Old Testament) idled below the evolutionary
summit. "Why is it that 50 years of Europe is better than a cycle of Cathay?"
Millikan posed rhetorically, "Is it not simply because in certain sections of the
world, primarily those inhabited by the Nordic race, a certain set of ideas have got
started in men's minds, the idea of progress and of responsibility?"37 Confirmations
of the thesis seemed to abound.

Like California's boosters, Millikan endowed the ideology of progress and Cal-
tech's mission with the ideological significance of the Western frontier. "California
marks now, as England did three centuries ago, the farthest western outpost of
Arian [sic] civilization," Millikan proclaimed, echoing Widney.38 Caltech stood at
the vanguard of the "Pacific Era," he observed, quoting Roosevelt's panegyric of
the "third civilization." The new institute captured the essence of the frontier,
mirroring the region's "lack of tradition and its spirit of development" and em-
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bodying the visions of Caltech's trustees who developed the "Far West." A cul-
turally embedded discursive practice, the frontier trope encompassed science: sci-
ence as a seed of industrial growth and as a frontier in its own right—an "endless
frontier" according to a later extrapolation by Vannevar Bush, director of the
Carnegie Institution.39

During the 1920s Caltech's powerful triumvirate, Millikan, Noyes, and Hale,
guided the Institute to national prominence in engineering and the physical sciences,
and they initiated the plans for developing the life sciences. Under Hale's leadership
the Mount Wilson Observatory matured into a world-class center of astronomy
and astrophysics. His vision of interdisciplinary cooperation, of attracting to Pas-
adena leading physicists and chemists in conjunction with the astrophysics program,
had materialized with remarkable success.40 The Division of Chemistry and Chem-
ical Engineering under Noyes attained national acclaim for its unique scientific
programs. The innovative research in physical chemistry at the Gates Chemical
Laboratory offered training in x-ray crystallography and methods of electron dif-
fraction, the only center of its kind in America.41

With Millikan's towering presence, the Norman Bridge Laboratory attracted
international attention, boasting such luminaries as Albert A. Michelson, Hendrik
A. Lorenz, Paul Ehrenfest, and Arnold Sommerfeld as visiting scholars and such
physicists as Paul Epstein and Richard Tolman on the permanent faculty. Labo-
ratories equipped with the latest sophisticated apparatus housed the constellation
of scientists, and National Research Council fellowships brought aspiring young
physicists; Caltech became a training ground for a new generation of scientific
leaders.42 Max Mason not only shaped the career of his protege Warren Weaver
through Caltech, he groomed physicist Lee E. DuBridge for leadership. DuBridge,
who spent the years 1926-1928 at Caltech, would succeed Millikan in 1946.43

A powerful combination of factors: abundant resources, novel institutional
mechanisms, and innovative intellectual strategies sustained Caltech's remarkable
growth and influence. As leaders of the National Academy of Sciences and the
National Research Council, Hale, Noyes, and Millikan formed the nexus of Amer-
ica's establishment network; their effectiveness in mobilizing vast local resources
was matched by their decisive influence on the policies of the large foundations.
These policies, in turn, translated into enormous grants that enabled the Institute
to construct new facilities and recruit scientific talent. "Whether the Research
Council belongs to the National Academy, or the National Academy belongs to
the Research Council, or both are satellites of Pasadena is a problem of three
bodies that is difficult of solution," quipped Cattell in 1922. "The Carnegie Cor-
poration, the Rockefeller Foundation and the National Research Council are an-
other problem of three bodies," he went on, capturing the essence of political
privilege and scientific power.44

Within the national network, Caltech's prominence derived from a distinctive
organization of knowledge—the interdisciplinary nature of its scientific programs
and an emphasis on cooperative research—a feature of principal importance to
the implantation of the new biology at the Institute. Hale, an early advocate of
interdisciplinary research, had always stressed the view that nature was not parceled
into traditional scientific fields (physics, chemistry, or astronomy). By 1912 he had
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proposed that the National Academy foster "subjects laying between the old-
established divisions of science, for example, in physical chemistry, astrophysics,
geophysics, etc." Hale's intellectual program, buttressed by the lessons of co-
operative war projects, persuaded the Academy during the 1920s to cultivate "bor-
derland sciences."45

Unimpeded by intellectual and political residues of prior scientific traditions,
Caltech seized the opportunity for erecting a new institutional structure designed
to foster interdisciplinary research in borderland sciences. Such cooperative proj-
ects, drawing on the combined skills of chemists, physicists, mathematicians, and
later biologists, demanded team work and flexibility. The Gates Laboratory was
"not the place for the individualist in science or research, but for men who are
interested in cooperating with one another," Noyes was fond of saying. The extreme
individualist was out of step with the times. Although the lone genius did make
important breakthroughs, Noyes admitted, the steady growth of research schools
and scientific institutions depended on the cooperative effort.46

Noyes captured the spirit of the day. The term "cooperation"—the ideological
modification of extreme laissez-faire—reverberated throughout the corporate world
during the 1920s and 1930s. "Cooperation not individualism," heralded F. W.
Taylor in his Principles of Scientific Management at the turn of the century.47

"Today's business organization is moving strongly toward cooperation. . . . Co-
operation in its current economic sense represents the initiative of self-interest
blended with a sense of service," wrote Secretary of Commerce Herbert Hoover
in American Individualism (1922). His ideal of cooperation reflected his notion of
"the associative state," a manifold of cooperative institutions (e.g., trade associ-
ations, service organizations, professional societies), forming a type of private
government.48 A champion of big business and science, and a friend of Hale,
Millikan, and Noyes, Hoover's prose empowered Millikan's own sermons on the
blend of private initiative and the spirit of service and altruism that constituted the
new scientific ethos.49

Caltech's call for cooperation resounded the theme "cooperation in research,"
which animated the plans of the Carnegie Corporation and guided the scientific
policy of the Rockefeller Foundation. Mirroring its industrial and business allies,
the new scientific enterprise no longer extolled the virtuosity of the individualist.
Just as the multiunit business structure depended on the team player and on the
manager who coordinated group projects, the new science relied on cooperative
individuals and on the broader interests of scientific managers. Caltech's focus on
cooperation, then, was not merely an intellectual strategy, it also was a corporate
philosophy; the Institute was at the vanguard of changing social relations of science.

The ethos of scientific cooperation translated into an institutional structure that
made Caltech into what John Servos aptly called a "knowledge corporation."50

The Institute's organization resembled the structure of a large corporation, a mul-
tiunit research enterprise coordinated through a hierarchy of top, middle, and lower
management. Instead of the traditional university structure consisting of a presi-
dent, relatively remote from academic departments, and of deans—often inactive
academic researchers—Caltech's top management consisted of an executive coun-
cil, directly involved in overseeing research projects. As is common in corporate
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management, Millikan, chairman of the Executive Council, also served as the
Institute's president, his vote equal in weight to those of the other Council members.

In turn, Millikan, Hale, Noyes, and after 1928 T. H. Morgan functioned as
chairmen of their respective division councils; each council was comprised of full
professors. In contrast to the traditional chairman, who could single-handedly set
departmental policies, Caltech's division chairman had a vote equal to those of
other members in the division council, a unit representing middle management.
Each council coordinated its own project teams; a full professor would lead three
or four research groups. Associate and assistant professors (lower management)
directed smaller projects performed mainly by postdoctoral fellows and graduate
students. This nested structure kept Caltech's academic hierarchy broadly involved
in the Institute's projects. As in business corporations, the knowledge corporation's
annual reports encapsulated the Institute's research activities and commodities.

Caltech's corporate structure was strengthened by the direct participation of
Southern California's business magnates, who had helped build the Institute and
shape its policies. Some of them served for more than a decade on Caltech's
Executive Council, a group comprised of four faculty members (Hale, Noyes,
Millikan, later T. H. Morgan, and political scientist William B. Munro) and four
trustees. The oldest trustees included Harry Chandler, Henry Robinson, multi-
millionaire lumberman Arthur Fleming (who by 1930 had donated about $5.2
million to the Institute), and Caltech's attorney, Henry O'Melveny. O'Melveny by
the late 1920s represented diverse corporate interests such as Union Pacific Rail-
roads, Goodyear Tire, Bank of America, Shell Oil, Proctor and Gamble, National
Biscuit, and Paramount Pictures; his leading cases including real estate, water rights,
and public utilities.51 These eight men, according to Millikan, possessed equal
responsibility and authority, and "came to know the Institute from A to Z."52

Corporate interests, then, directly influenced Institute policies, exerting consid-
erable weight on academic projects.

The trustees' influence was reinforced by the "Institute Associates," a group of
150 men, mainly from Southern California's affluent business circles, who played
a crucial role in Caltech's ascendancy. Millikan considered March 23, 1925—the
date O'Melveny incorporated the associates—the most significant in Caltech's his-
tory; the incorporation constituted a vote of confidence and a pledge of support.53

Associates poured large sums into new buildings, laboratories, and research funds
and kept the Institute afloat throughout the Depression. The key to their effec-
tiveness, according to Millikan, was their constant presence. They constituted an
integral part of Caltech's community, visiting the laboratories, participating in
Institute functions, and keeping "so close to its workings that they came to under-
stand it—to see with their own eyes that a dollar put into it brought more values
to the community, more social returns—than a tax dollar ever does, also more
than most philanthropic dollars do." In a single stroke of Republican oratory,
promoting voluntarism and downgrading regulation, Millikan underscored that it
was the Associates' support that "sold the Institute to the Foundations."54

To the local community, a first-rate institution of pure and applied science was
a cultural symbol and a practical investment, first in the physical sciences and later
in the life sciences. Whereas the Institute's excellence in theoretical work in physics
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and chemistry generated civic pride, it was applied science that ensured the practical
men of affairs tangible returns. Institute projects such as the high voltage engi-
neering research for producing electric power from the Hoover Dam and the pro-
gram in aerodynamic engineering attested to the industrial utility of research. The
same kind of dynamic characterized the effort to develop the biological sciences
at Caltech during the early 1920s. The argument for building a first-rate research
program in biology was intellectually compelling: Biology would balance the In-
stitute's science curriculum. Life science projects at the Institute also promised to
contribute to the welfare of the community—through indirect contributions to the
region's agribusiness, for example.55 First and foremost, though, the rapid indus-
trialization and population growth created in Southern California an acute need
for medical facilities: hospitals, clinics, medical laboratories. The region, Noyes
stressed, would greatly benefit from a medical research program conducted in
cooperation with local physicians and Caltech's biologists, chemists, and physicists.

Plans for developing biological research at Caltech, in cooperation with the
divisions of physics and chemistry, were proposed as early as 1922. Three years
before Hale invited geneticist T. H. Morgan to lead biological research at Caltech,
a local physician, Bernhardt Smith, approached Noyes with a proposal. He offered
the income from his medical practice to develop insulin at the Gates Laboratories.
Noyes seized the opportunity. In the spirit of Hale's "think big" philosophy, Noyes
envisioned this small project as the start of biomedical research at Caltech, a
springboard for large-scale developments, supported by the Carnegie and Rocke-
feller Foundations.56

The project proved to be a boon to the chemistry division and to Caltech. Supply
of the highly active insulin exceeded local demand, generating in turn an elaborate
scheme for a biomedical enterprise at the Institute. "I am writing you briefly, after
consulting Evalina [Hale's wife], to acquaint you with dreams which are now floating
about the California Institute of Technology," wrote Millikan to Hale in August
1923.

Rose, President of the General Educational Board, and Prichette [acting president
of the Carnegie Corporation] have both been here within the month and coincide
in the general view that if anything is done in Southern California in the field of
biochemistry, biophysics, and medical education, it must be done in immediate
contact with the present work of the Institute. Rose says that Welch's [bacte-
riologist William Welch of Johns Hopkins Medical School] plant is suffering
already from lack of contact with physics and chemistry. He says the Rockefeller
Board will not be interested in any medical plan in Southern California which is
farther away than across the street at most from the Institute.57

The figures tossed around in these schemes were in the order of $10 million. Caltech
Associate Henry E. Huntington, in full swing of his own plan to build a hospital
in Los Angeles, had to be consulted; O'Melveny cabled Huntington's advisor in
Europe to delay the decision until Huntington had discussed his plans with the
Caltech group. Millikan had already picked the appropriate site on campus, chosen
the architects, and outlined the general features of the new medical complex. "I
can see nothing so important as the intensive pursuit of all the sciences, including
the biological at the Institute," he wrote to Hale in a celebratory spirit. "This will
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leave other schools in Los Angeles free to pursue intensively the humanities, social
science, and law. This would be the finest thing that could possibly happen to these
other institutions."58

In October 1923, the Carnegie Corporation awarded the Gates Laboratories
$10,000 for insulin research, renewing the grant the following year. John J. Abel,
the physiological chemist from Johns Hopkins, noted for his work on adrenaline
and pituitrin, came to Caltech in 1924 to coordinate the new research. By 1925 his
team had isolated a crystallized form of insulin, and Abel was asked to remain at
the Institute to head the plans for medical research.59 During 1924-1925 Noyes
submitted to Millikan several schemes for developing biological research, all as a
service to medicine. A proposal for a biology department and an affiliated medical
school in Los Angeles called for departments of research and graduate study in
organic chemistry, biochemistry, biophysics, and bacteriology and later in evolu-
tionary biology. The undergraduate biology curriculum would conform to Caltech's
four-year requirements in physics and chemistry as well as prepare students for
entering either a doctoral program in biology or a high-grade medical school.60

Noyes' strategy made good intellectual sense. The biochemistry and biophysics
laboratories of the new biology division would cooperate with the chemistry and
physics divisions, complementing and completing the fundamental science curric-
ulum. The plan was also well situated within the political economy of the region
and reflected the wider cultural mission of the institution. Noyes pointed out that
biology at the Institute would serve the needs of sanitary engineering and municipal
hygiene, and it would add "a highly important cultural study in the all-round training
of a broad type of engineer, chemist or other scientific man." First and foremost,
however, a biology division would fill Southern California's great lacuna in medical
research. Caltech would be "a center for biological research, to which the medical
men of this community may look for inspiration and for knowledge as the latest
advances in medical science, and to which they may bring their larger problems
for research."61

In conjunction with the planned biology division, Noyes proposed an Institute
of Biological and Medical Research (modeled after the Rockefeller Institute) to
be located close to Caltech and closely affiliated with it, either as a separate division
or linked through an interlocking Board of Trustees. The staff of the medical center,
in cooperation with the Biology group would conduct fundamental research on
physiology and special diseases (such as pneumonia or nephritis). The great center
of biological and medical research in Pasadena apparently was to start out as the
"Metabolic Research Laboratory" under the directorship of Dr. Lorena Breed,
assuming that at least $50,000 for building and equipping the laboratory could be
secured and that $250,000 for endowment would be obtained. Excess income from
the endowment and the income from $100,000 contributed by Caltech would be
used "for associating with the proposed research an outstanding research man in
the field of physiology or biochemistry (such as Dr. Burrows of St. Louis or Dr.
Abel of Baltimore)."62 The new institute, in cooperation with the medical men of
Southern California, would sustain a small research hospital nearby or arrange for
a special ward attached to the Pasadena Hospital.
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To avoid some of the dangers inherent in this vast plan, Noyes proposed that
the main clinical center would be located in Los Angeles. He cautioned of "the
very great danger that in the future the main work of the Institute in the basic
sciences and in engineering would be dominated by the immense medical devel-
opment, that its prestige as a scientific school would be lost and that it would be
difficult to secure the funds needed for its own proper development."63 His concern
(shared by Millikan and Hale) about the dominance of clinical medicine over pure
science paled in comparison to objections later raised by T. H. Morgan.

John J. Abel, however, did not accept a permanent position at Caltech. The
biochemical research he had initiated came to a halt in 1925 and with it the plans
for the proposed Metabolic Research Laboratory. An endowment from Rocke-
feller's General Education Board had not been secured, and biomedical research
at Caltech remained just a grand plan. The institutional machinery had been set
in motion, though, and community interest had been stimulated; there were several
pledges of support, and the Fleming Trust of about $5 million was set up for the
proposed biological laboratories. It was imperative to find a strong leader for the
new venture within a short time.64
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CHAPTER 3

Visions and Realities: Biology
Division During the Morgan Era

Morgan and the New Biology: Problem of Service Role

When Hale approached Thomas Hunt Morgan during the spring of 1925, Mor-
gan's presence towered over American biology: innovator, champion of funda-
mental research, and a statesman of science. Raised during the 1870s in an upper
crust milieu in Lexington, Kentucky, Morgan was no stranger to capitalist fortunes
and political power. The Hunt enterprises (his grandfather) had reached unprec-
edented regional wealth, and the Morgan name evoked memories of Confederate
pride and international diplomacy; T. H. Morgan belonged to a "cavalier stock,"
as it was called in the South. A Ph.D. degree from the newly founded Johns Hopkins
University in 1891 placed T. H. Morgan in the first generation of American-trained
doctorates—symbol of American academic self-sufficiency. From his early research
in embryology at Bryn Mawr to his leadership of genetics at Columbia, Morgan's
trajectory mirrored the maturing of academic biology. Like Caltech's triumvirate,
Morgan was a member of the nation's science aristocracy, sharing its "Nordic
roots," social privilege, and professional visions.1

Yet Morgan's candidacy posed a paradoxical choice for Caltech's projected
enterprise. Although he stood as a great leader of biology, he was surely least
likely to promote biology as a branch of medicine. Beyond charting new cognitive
pathways, Morgan's research program signified the disciplinary clout of a nonmed-
ical academic biology. Drosophila genetics epitomized the autonomy of graduate-
level research extricated from service roles to agriculture and medicine and, by the
1920s, disavowing most of its earlier ties to eugenics. Within the national ecology
of knowledge, Drosophila genetics inhabited the prestigious gray zone of pure
science.2

77
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Figure 5 T. H. Morgan.
Courtesy of the California
Institute of Technology
Archives.

Hale, Millikan, and Noyes had implicit confidence in Morgan's managerial style,
activities that had placed American genetics on the international map of science.
A prolific writer, Morgan by 1925 had published several books and nearly a hundred
articles on genetics and its relation to cytology, embryology, and evolution. Span-
ning a broad spectrum of specialized and popular journals, Morgan's exposition
commanded a wide audience. The Drosophila group as a whole (Morgan, Hermann,
J. Muller, Alfred H. Sturtevant, and Calvin B. Bridges) altered the undergraduate
biology curriculum by publishing a laboratory manual on Drosophila experiments
for college courses in genetics.3 Concentric circles of the Drosophila influence
spread from Morgan's own center as well as through his disciples in the United
States and Europe: Norway, Sweden, Denmark, and the Soviet Union (and to a
lesser extent Germany, England, and France). His administrative activities but-
tressed his influence: service on editorial boards of biological journals and profes-
sional societies, and the presidency of the Society of Experimental Biology and
Medicine for the years 1910-1912.4

In one respect, though, Morgan differed radically from Hale, Noyes, and par-
ticularly Millikan. In his own reserved manner, Morgan relished unconventionality
and nonconformity; he was a perpetual devil's advocate, an imp. Cultivating an
unorthodox manner, he delighted in shocking people—as he would when flaunting
his militant atheism at Millikan's evangelical torrents—and hid his softer, more
conventional side under a protective cover of eccentricity. He dressed himself so
poorly that there was at least one occasion when the laboratory janitor was taken
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to be Professor Morgan—and Professor Morgan to be the janitor.5 This extreme
form of individualism, however, was more a display of style than substance. His
cultivated eccentricity blended smoothly with the instincts and social skills of the
well-born, a modus operand! that also exemplified his science. He merged strong
personal initiative with group effort. The success of his Drosophila program, cou-
pled with the founding of a research school, attested to the ethos and effectiveness
of cooperative individualism.

Hale and Millikan had only minor disciplinary and intellectual ties to life science,
but they knew Morgan well through his activities in the American Association for
the Advancement of Sciences, the National Research Council, and the National
Academy of Sciences. In fact, they voted for Morgan in his 1927 election to the
presidency of the Academy, and Morgan together with Millikan served as vice-
chairmen of the Academy's executive board. As friend of Abraham and Simon
Flexner (friendships dating back to their boyhood days in Lexington), Morgan
moved gracefully through the corridors of the biomedical establishment and was
frequently invited to serve on boards of medical and biological institutions.6

Like his Caltech counterparts, Morgan's institutional network centered around
the large foundations: the Carnegie Corporation and the Rockefeller Foundation.
The continuous aid of the Carnegie Corporation had by 1928 supported 20 doctoral
theses in genetics, Morgan acknowledged. "These students are now scattered over
the world and many have become centres [sic] of Drosophila enlightenment," he
boasted to John C. Merriam, president of the Carnegie Institution of Washington.
"I am writing this, not to boast of our accomplishments but to set down what we
have been doing and add that there is every reason to think that we can continue
to carry on in the same way as in the past."7 His academic enterprise benefited
from the patronage of the Rockefeller Foundation. American postdoctoral fellows
trained under Morgan through fellowships of the Foundation's sponsored National
Research Council, in which Morgan was an active member. The International
Education Board supported the work of Rockefeller Fellows; by 1928 they included
Norwegian geneticist Otto L. Mohr, Theodosius Dobzhansky from Russia, and
Curt Stern from Germany.8

Like Hale, Noyes, and Millikan, Morgan cultivated a grand vision. Even before
the opportunity to build a new program at Caltech emerged, Morgan had been
self-consciously molding the future of biology, pinning the advance of the field on
an intensified cooperation with physics and chemistry. He admired the work of
Jacques Loeb and reciprocated Loeb's accolades. The grip of the mechanistic view
of life had already during the 1910 and 1920 decades turned Morgan into an en-
thusiastic advocate of a new cooperative physicochemical biology. His efforts to
promote the Loebian ideal in biology led him to a collaborative educational project
with Loeb and general physiologist W. J. V. Osterhout (Loeb's successor as head
of physiology at the Rockefeller Institute in 1924). Together, the three edited the
noted Lippincott series, publications devoted primarily to promoting the mechan-
istic approach to life.9

Thus in most respects, Morgan's acceptance of the Institute's offer in 1927
attested to a close match between his own visions for biology and those of Caltech's
academic leaders. The intellectual and institutional advantages for implanting the



80 MOLECULAR VISION OF LIFE

new biology at Caltech were compelling. The institutional mechanisms for inter-
disciplinary cooperation were already in place; the requisite ethos of teamwork
had animated the Institute's projects since its founding. As the hub of America's
scientific establishment, Caltech attracted massive resources through its links to
industry, business, and the foundations. Funds for biological research abounded,
especially as the Rockefeller Foundation was just then embarking on large-scale
support of the human sciences, with clear emphasis on the problems of heredity.
Moreover, the splendid track record of community support of Caltech now prom-
ised to extend to the life sciences. Local support was doubly crucial, as the phi-
lanthropic foundations operated on the basis of matching funds.

What of the medical promise and the local relevance of the new biology? How
would the new division validate its purported contributions to the region's devel-
opment and welfare? The business community, of course, took pride in the ad-
vancement of fundamental research, but it was utility that ultimately measured
scientific progress. Fund-raising efforts by Hale, Noyes, and Millikan repeatedly
underscored both explicit and implicit returns: hydroelectric power, chemical pro-
cessing, aeronautics, medical facilities, and racial progress. Although Morgan's
appointment hardly required intellectual justification, the social legitimation of the
new enterprise—its local utility and political economy—did pose difficulty. Mor-
gan's leadership meant resistance to the touted medical goals of the new biology;
it also entailed activating pledges while skirting community expectations.

When Morgan moved to Pasadena in 1928, the Kerckhoff Laboratory was al-
ready under construction. The endowment by Caltech trustee William Kerckhoff—
lumber magnate and one of the principal developers of hydroelectric power in
Southern California—represented a response to earlier calls of developing medical
research in the region. Morgan's plans for the new division made no mention of
biomedical groups, however. His scheme included the development of five de-
partments—genetics, embryology, general physiology, biophysics, and biochem-
istry—which in cooperation with the divisions of physics and chemistry would focus
on the study of fundamental, rather than clinical, vital processes. Given the option
of assembling either a purely research division or a division that would accept
undergraduate and graduate students and knit itself into the general plan of the
Institute, Morgan selected the latter. He thus set a precedent for biological edu-
cation: The biology division admitted only those undergraduates and graduate
students able to meet the Institute's unmodified requirements in mathematics,
physics, and chemistry. With this policy, Morgan reasoned, the division would
stress the physicochemical side of biology right from the start. At the same time
his choice fulfilled Caltech's goal of rounding the Institute's science curriculum.10

The issue of service role remained shrouded in ambiguity. Morgan fully agreed
with Millikan on the marginal ties between Caltech's biology and the region's
agriculture. A plant physiology group would be of service to California's agribu-
siness and attract support from corporations and public agencies. However, with
several agricultural colleges in California already flourishing, the uniqueness of
Caltech's biology division would diminish if it were to follow a similar path.11 The
connection to medicine was far more complex. As champion of fundamental re-
search, Morgan, like his colleagues earlier (C. O. Whitman, E. B. Wilson, J. Loeb,



VISIONS AND REALITIES 81

Figure 6 William G. Kerckhoff Laboratories of the Biological Sciences. Courtesy
of the California Institute of Technology Archives.

and F. R. Lillie), had steadfastly resisted the development of biology as a service
to medicine. Their mission had been to foster for biology an independent disci-
plinary identity. Institutional histories testified to the inverse relation between the
health of academic biology and the growth of the medical curriculum. Although
his earlier research in embryology bordered on the fringes of physiology, tradi-
tionally a medical field, Morgan himself had no medical training or interest in
medicine. Genetics distanced him intellectually from medicine even further. De-
spite his administrative and social ties to the biomedical community, Morgan wished
to see biological research freed from the influence of the hospital.12

Morgan rejected Noyes' plan for building a medical school and hospital facilities
at Caltech and for offering medical education. Caltech presented a unique oppor-
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tunity for creating a new institutional niche, an insurance policy that biology would
not degenerate into a handmaiden to medicine. In the 1928 Bulletin of the California
Institute of Technology, when first introducing the new biological curriculum, Mor-
gan advertised this point as a strength: "Most physiological laboratories had in the
past, for practical reasons been associated with medical schools; and few of them
have been in intimate contact with research staffs, and had the use of research
facilities, of laboratories which are primarily devoted to fundamental investigations
in the physical sciences."13 By contrast, at Caltech, researchers in genetics, em-
bryology, physiology (plant and mammalian), biochemistry, and biophysics would
collaborate with physicists and chemists. By 1929 he appointed department heads
in all areas except animal physiology. The marginalization of medical interests was
explicit.

What therefore would be the service role of the new biology, its social legiti-
mation? Still hovering in the background was the promise and peril of biological
race betterment. Even more so than for the Rockefeller Foundation, from a cultural
standpoint, the interest in Morgan's work and in the new biology was informed by
the eugenic sentiments of the affluent circles of the region. A plea for pure science
could hardly untangle the Gordian knot of genetics and eugenics, especially in
Pasadena's conservative milieu during the late 1920s. The shared ideological com-
mitments of the community and the Institute, their Anglo-Saxon self-conception,
and their Aryan civilizing mission was not likely to be deflected simply through an
operational cleavage between genetics and eugenics. Morgan's enterprise signaled
the promise of biological improvements of the race. It did so despite the absence
of a programmatic conjunction of the new biology and local eugenic interests that
contributed financially to Caltech's project.

The eugenic movement in Southern California, of course, predated Morgan's
arrival. Paul Popenoe had by then attained national recognition, and Ezra S. Gos-
ney, Pasadena's upright community leader and Caltech Associate, had been active
in eugenic and genetic organizations for nearly two decades. A native of Kentucky
and a former corporate lawyer, Gosney typified the wealthy transplanted midwest-
erner; having moved to Pasadena in 1910 he quickly established himself as director
of several large corporations and civic projects. His Spencerian devotion to the
"problem of preparing young people for the struggle of life" guided his leadership
in the Boy Scouts of America and the YMCA. The same ideology inspired his
participation in the American Eugenics Society, American Social Hygiene Society,
Eugenic Research Association, American Association for the Study of the Feeble-
Minded, and American Genetics Association; abroad he participated in the Eu-
genics Society of London, the Institute International d'Anthropologie (Paris),
Deutsches Bund Volksaulartung Erbkunde (Berlin), and the International Con-
ference for Social Work. The founding of a biology department in Pasadena around
the world's leading geneticist undoubtedly promised new opportunities for Gosney's
eugenics crusade.14

In 1928, the same year Caltech's biology division was founded, Gosney con-
solidated his diverse eugenic commitments to become president of the Human
Betterment Foundation. A 25-member elite organization committed to mass ster-
ilization of the unfit, the Foundation boasted a distinguished roster of men of letters
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and men of affairs. During its 14-year life-span the names of Stanford's David Starr
Jordan and Lewis M. Terman graced the Foundation's stationary. Its membership
included officer and trustee R. A. Millikan, who by then had identified the escape
from Malthusianism as the world's greatest scientific task; Vice-President William
B. Munro, former Harvard scholar, advisor to the Rockefeller Foundation, and
after 1930 Caltech professor of political science; and trustees Henry M. Robinson
and Harry Chandler. Members of the clergy—Rev. Merle N. Smith, pastor of
Pasadena's First Methodist Church, and Rev. Robert Freeman—supplied Gosney's
organization with moral authority.15

The purpose of the Human Betterment Foundation, Gosney stressed, was not
original research but coordination of new knowledge coming out of leading bio-
logical research laboratories and then the spread of that information to social
workers, educators, and physicians nationwide. "Strong, intelligent, useful families
are becoming smaller and smaller," the Foundation's brochure documented.

Irresponsible, diseased, defective parents on the other hand, do not limit their
families correspondingly. There can be but one result. That result is race degen-
eration. The law of self-preservation is as necessary for a nation as for an indi-
vidual. When families that send a child to an institution for the feeble-minded
average twice as large as families that send a child to the university, it is time for
society to act.16

During the years 1929-1930 the Foundation conducted an exhaustive study of 6000
sterilizations of the eugenically unfit, followed eight years later by a similar survey
of 10,000 cases. Reams of statistics on "social degeneration," sterilization and
follow-up data on "pleased patients," and the benefits passed on to society but-
tressed the campaign; the book Sterilization for Human Betterment, pamphlets,
and articles recorded the merits of Gosney's enterprise.17

Caltech's eugenic connection must have placed Morgan in an awkward position
of both disapproval and tolerance. Like other leading geneticists, Morgan had
promoted the aims of eugenics during its early years, but by 1915 he had severed
his ties with the eugenic movement. He objected to the reckless uses of genetics
for political ends, especially the propaganda tactics of Popenoe. Yet Morgan's
opposition surfaced only in a few private communications and addressed mainly
style rather than aims.18 Even during the mid-1920s, at the height of the debates
over immigration restriction and eugenic sterilization, Morgan did not publicly
oppose eugenic programs per se. On both cognitive and social grounds, he might
have opposed extreme versions of genetic determinism and negative eugenics, but
he did not object to broader interventions in social evolution.

If Morgan's 1924 Mellon Lecture "Human Inheritance," may be used to judge
his views on eugenics, it shows him to be uncommited. Extrapolating from Dro-
sophila work, he stressed that complications due to genetic linkages and the poly-
genie and pleiotropic aspects of heredity were likely to greatly complicate the
simplistic schemes for controlling human breeding. Evolutionary considerations
introduced other difficulties: Is it more advantageous to breed for variability or
uniformity? Furthermore, Morgan argued, social and economic inheritance mod-
ified the effects of biology. A person "may not inherit the bodily or mental char-
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acters that his parents have acquired through training, but in another way he inherits
the results of their experience.'' Memory, speech, writing, education, and economic
resources contributed to man's evolutionary fate. Though heredity was the primary
determinant in human evolution, according to Morgan, exceptionally creative in-
dividuals—artists and ministers, for instance—may shape social evolution more
favorably through their labors than through their quota of offspring.19

Morgan underscored Gallon's conclusion "that nature (heredity) plays a far
more important role than nurture (environment)," but genes were not the sole
determinants of human evolution. He therefore believed that the geneticist alone
could not hope to solve a problem as complex as human progress. Competent
specialists—psychologists, physiologists, pathologists, anthropologists, economists,
and statisticians—should join the geneticists in investigating the problem of social
evolution.20 Morgan did not oppose sociobiological engineering; he certainly did
not publically condemn the Nordic sentiments animating the eugenic movement.
Had this been the case, he would have objected to its racial discourse two decades
earlier before lending his name to the eugenic crusade.

Although he disapproved of Davenport-style eugenics, Morgan in fact shared
some of the tacit nativist beliefs of America's ruling elite during the 1920s. "Morgan
had definitely an ambivalent social attitude," recalled the Russian geneticist Theo-
dosius Dobzhansky:

He was distinctly against social claims and pretentious [sic]. He was outspokenly
against eugenics, which at that time was race and class eugenics. Rationally, he
would—I don't remember him specifically speaking about it, but I am sure that
rationally he would take the standpoint that everybody is born equal. At the same
time, he had the curious subconscious division of people into a kind of superior
and inferior class. . . . He had a curious classification which was important for
us. Russians to him were of two varieties, the "black" and the "white." The black
and the white were not referring either to political parties or, as far as I know,
not even to pigmentation. But somehow or other, the old man had an idea that
there is a kind of dimorphism there. Thank God, my wife and myself were
classified among the "white"!21

Morgan, however, did separate his cultural instincts from the rigors of the labo-
ratory bench; his private criticisms of eugenics were directed primarily against the
superficiality and unprofessionalism of the extremists, against the zealots and prop-
agandists. "I believe," he concluded his Mellon Lecture, "that they [men] will not
much longer leave their problems in the hands of amateurs and alarmists, whose
stock in trade is to gain notoriety by an appeal to human fears and prejudices—
an appeal to the worst and not to the best sides of our natures."22 There is little
doubt that in Morgan's mind Gosney and Popenoe counted among these alarmists,
all the more so because of their proximity.

During the years when Morgan's new division cultivated its scholarly reputation
and intellectual autonomy, the Human Betterment Foundation mailed free of charge
tens of thousands of brochures and articles each year to teachers, social workers,
physicians, universities, publishers, and numerous organizations. The literature
dramatized "America's Burden"—billions of tax dollars lost each year for caring
for the 18 million defectives or potential defectives. Inspired by the efficient and
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rational approach of German eugenics, Gosney urged readers of Scientific American
to embrace the views of the noted Viennese surgeon Adolf Lorenz, predicting that
the sterili/ation of the unfit would eventually reach "all civilized countries as [the]
means of getting rid of the scum of humanity."23 By 1940, a couple of years before
its dissolution and the transference of its assets to Caltech's biology division, the
Foundation would report more than 30,000 sterilizations, nearly 50 percent per-
formed in California.24

Morgan may have privately opposed the modus operandi of the Human Bet-
terment Foundation. He surely must have disliked the publicity it received while
he was building up the biology division during the 1930s. Throughout this period,
especially after the rise of the Nazi party, Gosney's organization would attract
considerable attention. Although his project was hailed in some circles—a leading
high school textbook approved of the Foundation's sterilization campaign, as did
Watson Davis, director of Science Service—others condemned it.25 In a 1934 in-
terview in Spectator magazine, Columbia geneticist L. C. Dunn, speaking for other
leading geneticists, criticized eugenic sterilization as a form of Hitlerism devoid of
scientific validity. Psychologist Bronson Price and his colleagues characterized the
Foundation and its leaders as practitioners of a "sort of social demonology."26 The
Foundation defended its practices by referring to R. A. Fisher's calculations of the
short-term benefits of sterilization and by upholding the scientific merit of German
eugenics. Though by no means front-page news, the debates over Gosney's steril-
ization campaign found their way into the New York Times throughout the 1930s.27

Given Gosney's support of Caltech and the membership of the Institute's leaders
in his organization, however, a formal opposition from Morgan's division might
have been politically inexpedient. The institutional posture of the new biology and
its service role straddled the makeshift fence between eugenics on one hand and
medicine on the other in hopes of procuring funds. Local support was particularly
important as matching funds for Rockefeller grants, and these funds were endan-
gered by Morgan's rejection of medical research.

Naturally, Morgan needed to respond to the expectations in Pasadena's com-
munity regarding a medically oriented biology. Millions of support dollars were at
stake, and Morgan had to articulate his goals broadly in order not to jeopardize
the division's economic future. In his 1929 letter to Arthur Fleming, president of
Caltech's Board of Trustees, Morgan agreed that a research laboratory and a
hospital in connection with biology were matters of tremendous importance. He
acknowledged that "in the short time I have been here I have already been ap-
proached by a number of medical men of the highest standing." Morgan gracefully
reassured Fleming of the possibility of future work in experimental medicine but
warned that "it would be premature now to attempt even to outline a program for
such a center of medical research." His tentative list included human physiology,
cellular physiology, bacteriology, parasitology, organic chemistry, and public hy-
giene, "including not only hygiene in the narrower sense, but the movement of
populations, expropagation of the race and the heredity of the human race." He
also outlined research possibilities in cancer and immunology, fields that he had
little inclination to pursue.28
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A somewhat different version went to the Rockefeller Foundation. Morgan's
1930 proposal to the Foundation did not mention medical topics as potential fields
of development. Instead Morgan hoped to develop "physiological psychology and
bacteriology from the biological and genetic point of view," areas of primary interest
to the Foundation's new program. Millikan's report assured Mason of the bright
fiscal prospects of the biological sciences at. Caltech. "We are also hoping that in
view of Mr. Kerckhoff s establishment of Kerckhoff Biological Laboratories, Mrs.
Kerckhoff will be willing to contribute new endowment funds for the support of
the biological sciences," he projected in 1930.29

In 1930 Max Mason-, then President of the Rockefeller Foundation, agreed to
commit $5 million for developing the natural sciences at Caltech, with $1,140,000
earmarked for Morgan's biology program and $1,900,000 for the eventual devel-
opment of organic chemistry in cooperation with the new biology division. "The
Institute has shown a remarkable and sound growth," commended the statement
attached to the first installment of $500,000 in December 1930. "It has carried
forward its development conservatively and has shown great ability in its organi-
zation of community interest in support of its work."30 As Millikan had noted, it
was the support of the Pasadena business community that "sold" the Institute to
the Foundations.

By 1933 the fiscal forecast changed. The Fleming Trust had been wiped out by
the Depression, and the embryonic biology division was hit hard. Assuming the
availability of the Kerckhoff endowment, the division would now lean more heavily
on the Rockefeller Foundation, which had just launched its new biology program
under the aegis of the new "Science of Man." Mason and the new program director
Warren Weaver (still technically on Caltech's faculty), slated Caltech as a primary
site for developing the new biology. The Institute was to be a recipient of enormous
grants.

In May 1933 Morgan requested from the Rockefeller Foundation $100,000 for
biological work, stressing the relation of his own cooperative program in physico-
chemical biology to the Foundation's project in biology and human behavior.

Genetics is broadening its scope; the gross structural features of inheritance are
today fairly well-known, and the workers are turning to the physiological aspects
of heredity. Here we are endeavoring to bring our genetic group into closer contact
with the physiological group. . . . In order to round our work in physiology we
need a man, or a group of men, interested in the physiological side of biochemistry.
We have in mind a man versed primarily in the physiology of the nervous system
in order to bring our more specialized work into closer contact with the broader
fields of human relations.31

Whether rhetoric or substance, Morgan's projected program legitimated the Foun-
dation's agenda. Morgan's application, part of a joint grant with the chemistry
division, had excellent chances of approval, provided of course that the Institute
kept up its part of the agreement to raise matching funds.

That summer, however, panic struck the Institute. A crisis that threatened the
future of the new division erupted out of the chronic tension between biology and
medicine. Mrs. Kerckhoff, one of the most powerful of Pasadena's wealthy widows,
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was now inclined to divert the rest of the Kerckhoff endowment toward establishing
other memorials to her husband, such as an institute of medical research similar
to the Rockefeller Institute, independent of Caltech and most likely to be affiliated
with the medical community of Los Angeles. Through her chief legal counselor,
Henry O'Melveny, Mrs. Kerckhoff had been in communication with Rockefeller
Institute's director Simon Flexner concerning the new plans. The legal resolution
of the crisis rested in O'Melveny hands and in his power of persuasion.

On August 8, just before leaving for a month's vacation in Canada, Millikan
dispatched a lengthy letter to Flexner expressing his "disappointment and concern"
with Mrs. Kerckhoff's "present state of mind." He described the situation and
urged Flexner to help.

I hope that if you agree with our point of view (as I think you do, and that very
emphatically), you will be able to find a way to express to her your opinions
sufficiently strongly to induce her to abandon this wavering state of mind. . . .
The point which needs to be gotten into her consciousness is that if she is going
to leave a lasting and influential memorial to her husband . . . she can do it
enormously more effectively through the world-wide influence which adequately
supported Kerckhoff Laboratories can have.32

Millikan complained of Mrs. Kerckhoff's failure to understand that fundamental
work such as that of Morgan on genetics was vastly more important, for both the
perpetuation of the name of her husband and the progress of the race, than the
palliative work represented by hospital activities. With Flexner's medical authority
buttressing O'Melveny's legal influence, Millikan hoped to quickly secure $2 million
to $3 million of the Kerckhoff endowment.33

Flexner's appeal to Mrs. Kerckhoff via O'Melveny communicated neither thor-
ough knowledge nor strong conviction; in any case he did not succeed in convincing
Mrs. Kerckhoff to give her money to Caltech. Two weeks later Hale, Flexner's
old-time friend and war buddy, impressed upon him the urgency of the matter.
Hale had implicit confidence in O'Melveny, "He is one of the oldest and wisest of
trustees of the California Institute. . . . He is 'one of us'; and he will try to convince
her it is best to establish her memorial in connection with the California Institute."34

O'Melveny was now in his seventies, though, and his health was failing rapidly.
Time was of the essence. To add to Flexner's persuasiveness, Hale attached copies
of memos prepared for O'Melveny by Morgan (now away at Woods Hole) and by
Caltech's biochemist Henry Borsook on the relation between physics, chemistry,
physiology, and medicine.

Morgan and Borsook argued that advances in modern medicine, as evidenced
by Nobel Prizes during the preceding 20 years, were no longer the domain of
physicians or surgeons. Instead, recipients had been bacteriologists, immunologists,
biochemists, and biophysicists, whose researches supplied the rational principles
underlying the treatment of diseases. In fact, Morgan pointed out, Pasteur was a
chemist, and x-rays and radium were discovered by physicists. A roster of diseases
and medical syndromes that had been explained or alleviated by researchers, rather
than clinicians, followed. A historian of science's delight for its elasticity and se-
lectivity, the list documented, among other things, the exclusive role of biochemists
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in proving the existence and need of vitamins, the contributions of bacteriologists
to the work on scarlet fever, and protein chemists' advancement of allergy research.
It is interesting, Borsook mused, that in the list—vitamins, scarlet fever, pernicious
anemia, diabetes, kidney disease, acidosis, toxemias of pregnancy, surgical shock,
and allergies—only one important advance had come from a physician.35

Noyes, anxious to see his dreams for biomedical research at Caltech realized,
dispatched a six-point plan to Hale:

1. Build at once an extension to the existing Kerckhoff laboratories with a fine
library (with a place for Mr. Kerckhoff s portrait).

2. Appoint quickly a man in "biochemical neurology."
3. Lay the whole personal Mrs. Kerckhoff situation confidentially before Mason

and Weaver; Morgan could do this at Woods Hole.
4. Write Morgan at once the whole story and urge him to return to Pasadena as

soon as he can.
5. Prepare an additional memo on the work of the biology division.
6. If Mrs. Kerckhoff insists on medical research, perhaps she could endow a

laboratory as a major department within the biology division.

Realizing that these plans conflicted with those of Morgan, Noyes wrote to Hale:
"I do not know whether Morgan would approve of this but perhaps he would, if
thereby many millions of dollars could be secured for research, and if it were
understood that laboratory researches fundamental to medicine (rather than clinical
studies), such as the work in biochemistry, biophysics, and neurology, would be
carried on."36

For Noyes the affiliation of the biology division with medical research touched
on a deeper issue, its significance transcending the Kerckhoff affair. Aside from
Mrs. Kerckhoff s involvement in the matter, he wrote to Morgan at Woods Hole,
"your Division would through the years be more successful in securing able research
students in biology itself, and in getting financial support from wealthy donors if
you could make it obvious that the Division had some relation to and interest in
'medicine.' " This proposal was of course Noyes' plan from its inception a decade
earlier. He urged Morgan to see Mason before returning to Pasadena, because if
Mason understood Mrs. Kerckhoff's attitude it would increase his likelihood of
helping.37

The negotiations intensified through the summer, lubricated by the camaraderie
of privilege and aquatic leisure. "I am here on the yacht 'Day after Tomorrow,' "
wrote Noyes to Morgan on August 30 from aboard the "Pasado Manana" off
Catalina Island,

with the owner, Mr. Lee Phillippe, of the Pacific Mutual Co., Herbert Hoover,
Robinson, and Munro [Millikan joined the following day]. I have had a chance
to talk with Robinson. He had a good talk with O'Melveny, and he asks me to
tell you confidentially the following about Mrs. Kerckhoff. In her will as it now
stands she leaves ultimately most of her property (which may amount to four
millions) to trustees with authority to give it to the Institute; but it would not
come to us immediately.

O'Melveny was trying to get the delay eliminated. Noyes emphasized the im-
portance of not losing this opportunity and to begin as soon as possible the con-



VISIONS AND REALITIES 89

struction of a new Kerckhoff Laboratory and secure "the new man in neurology
(whose direct relation to medicine could be emphasized with Mrs. Kerckhoff), and
in general to make any possible developments or gestures in the direction of medical
research."38

Morgan had a long emergency meeting with Weaver at Woods Hole early in
September, going over the entire background of biology at Caltech. Morgan re-
counted that upon coming to Caltech he had been promised a budget of $100,000
per year; the unexpended portions would be held for the division's future use.
Morgan, however, had released these reserves to the Institute during the Depression
years, with the result that in 1933 the division's annual budget was $61,000. The
Rockefeller Foundation grant for $1,140,000, awarded in 1930, went into building
up the work in biochemistry, biophysics, and plant physiology (genetics was then
still supported mainly by the Carnegie Foundation); even these areas were now
suffering from lack of technical assistance and research fellows. There were no
funds for new appointments, and it was urgent that the division have a group in
physiology.39

On September 9, 1933, Morgan wrote to Millikan, who had just returned from
Canada, about his meetings with Weaver and with F. B. Hanson (officer in the
Foundation's natural sciences division). Caltech's position was reasonably secure,
he thought. From what Weaver said, if Mrs. Kerckhoff had definitely made up her
mind to support a medical research institute, there was a good chance of working
toward that end through the medical branch of the Rockefeller Foundation. "In
any case," Morgan noted, "nothing is going to happen until Weaver comes to
Pasadena about the Middle of October. By that time I hope the Kerckhoff situation
will be clearer than it is to me at present."40

Morgan, for good reasons, exuded serenity. The Rockefeller Foundation's new
program explicitly emphasized the cooperative effort between the Foundation's
divisions of natural, medical, and social sciences. Owing to the anticipated coor-
dination of research efforts between the Foundation's divisions, there appeared to
be no special difficulty with a Kerckhoff endowment that ultimately aimed at
medical applications. There was sufficient interchangeability between biological
and medical projects within the new cooperative model and enough flexibility of
definition to accommodate biomedical research.41 In November 1933, after Weaver's
October visit to Caltech, Morgan resubmitted his grant application to Weaver. This
time he added: "There is, as you know, in the background another consideration
that must be taken into account in reaching a decision. There is the possibility of
a future development—either as a part of the work of the Kerckhoff laboratories,
or in intimate relation with it—of other research laboratories devoted more nearly
to the study of the fundamental aspects of medical sciences, i.e., physical and
chemical, and biochemical."42

Morgan's resubmitted grant proposal was also more heavily weighted toward
neurophysiology and hormonal development, central elements in the Foundation's
psychobiology program. The theory of the humoral mechanisms of nerve activity,
he wrote, suggested ways of detecting nerve current transmitted over the synapses
in the central nervous system and means for studying chemical action of nerves in
organs, muscles, and glands. Such researches, in turn, would be linked with studies
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of neurally stimulated secretions of hormones from the endocrine glands, affording,
for the first time, a deeper insight into the coordination of the organism as a whole.
These proposals, Morgan hastened to explain, were made in collaboration with
trustees Hale and Robinson and with Millikan and Noyes.43 Neurophysiology pre-
sented a perfect solution: a cognitive link between soma and psyche and an insti-
tutional bridge between biomedicine and behavior.

At the height of the Kerckhoff negotiations, Morgan was awarded the Nobel
Prize for Physiology or Medicine, the first biologist with no medical training to win
the Nobel Prize in this category. Announced late in October 1933, the prize could
not have been better timed. The grant application to the Rockefeller Foundation
had just been resubmitted, and Mrs. Kerckhoff, owing largely to the efforts of
O'Melveny and Flexner, was a bit more inclined toward Caltech, though yet un-
decided. A renewed attempt by "the Germans" to get the balance of Mrs. Kerck-
hoff s funds for a medical institute in Germany and similar pressures from the
University of California (where Mrs. Kerckhoff's intimate friend was a trustee)
stood between the endowment and Morgan's plans.44

Morgan's Nobel Prize created a unique opportunity for focusing community
attention on Caltech's biology program and on the international recognition of
genetics as an important area in physiology and medicine. In celebration of the
event, a lavish dinner was planned for mid-December at Caltech's Athenaeum,
and an inspired Mrs. Kerckhoff requested that she be permitted to give the dinner.
Flexner arrived as a guest of honor, briefed well in advance by Hale: "You will
thus understand how much store we set on the dinner and your participation in
it." Hale urged Flexner to lend his authority and oratory to an address devoted to
the relation of physics, chemistry, and mathematics to medicine, avoiding of course
any reference to the question of endowment. "By doing so," Hale projected, "I
fully believe you would turn the balance and bring down the beam safely and surely
on the right side."45

The second Kerckhoff Laboratory was dedicated in June 1938. Designed to
foster close cooperation between bioorganic chemists, biochemists, and physiolo-
gists, the new Kerckhoff Laboratory adjoined the new Crellin Laboratory for bioor-
ganic chemistry, dedicated a month earlier. The social goals of the new scientific
venture were articulated broadly enough to encompass both medical and eugenic
benefits. As the New York Times described it, the current Rockefeller gift of $1
million was awarded for research "for biological improvement of the race through
an intensive attack on organic chemistry as related to life."46 Caltech's biology was
thus constrained and liberated by its ambiguous service role, navigating between
the Scylla of medicine and the Charybdis of eugenics until World War II. By
avoiding a firm commitment to eugenics and medicine, the Division was somewhat
encumbered in its local fund-raising strategies, though it managed to garner suf-
ficient resources by holding out vague promises to both enterprises; this open-
endedness created an intellectual space for developing a distinctive biological iden-
tity. Under the auspices of the Rockefeller Foundation, the new biology could
focus on long-range visions rather than immediate returns.
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Contradictory Elements

Articulating a service role for research was not the only difficulty in Morgan's
biology division. Underneath the incongruities of institutional policy lay intra-
divisional conflicts of interest. Several issues of substance and style remained un-
resolved in Morgan's own mind throughout his tenure, reflected in hiring practices
that impeded the development of the division. Although Morgan was a successful
leader in physiological genetics, he did not provide effective leadership in bio-
chemistry, biophysics, or physiology. Poor judgment, ethnic biases, and cross-
purposes compounded by financial losses during the Depression contributed to his
failure in these areas. As Theodosius Dobzhansky observed, Morgan was by nature
a contradictory person and on several counts did not practice what he preached.
Ultimately, Morgan succeeded best in the areas closest to his own interests and
expertise.

Morgan brought with him to Caltech in 1928 his Columbia associates Alfred H.
Sturtevant and Calvin B. Bridges, his and E. B. Wilson's protege Jack Schultz,
and the young Russian geneticist Dobzhansky. One of the few geneticists in Amer-
ica to combine research interests in evolutionary biology and genetics, Dobzhansky
led several expeditions along the Pacific Coast from Alaska to British Columbia
to study variations in new Drosophila strains. Members of the genetics group were
still deeply involved in classical genetics: ironing out minute details of linkage,
crossing-over, recombination, and mechanisms of sex determination in several Dro-
sophila strains and deliberately perpetuating the Drosophila group's tradition of
intellectual criticism, cooperative spirit, and regular seminars.47

Plant physiologist James Bonner, then a graduate student at Caltech, recalled:
"In the genetics laboratory, Sturtevant and Dobzhansky had tried to recreate the
famous fly-room at Columbia. They sat at two ends of the long table and worked
at their flies. The students sat in between and listened to the wise conversation
and contributed to it when they could."48 To be sure, Sturtevant, Dobzhansky,
and Bridges were enormously productive in their intricate genetic analyses, espe-
cially after the 1933 discovery by Theophilus Painter of the giant chromosomes of
the salivary glands in Drosophila. Bridges was generating new chromosomal maps,
and Dobzhansky disentangled the mechanisms of sex determination and the "po-
sition effect." These researches were now "normal science."49

Classical genetics during the early 1930s was perceived to be past its prime and
would not be the principal focus at Caltech. Most younger scientists were no longer
intrigued by pure Mendelian analyses of Drosophila or maize. They got their
training at Caltech's "fly room" or from plant geneticist Ernest G. Anderson at
the Institute's Arcadia farm, an hour's bicycle ride from the Kerckhoff building;
but they soon branched out to newer problems of physiological genetics. Graduate
students were now attracted to the mechanisms that linked Mendelian transmission
to the cellular and biochemical processes leading to phenotypic expression in an-
imals, plants, and fungi. Thus rather than building up a research empire, Sturtevant
and Dobzhansky generally assumed more of a pedagogical role, providing rigorous
genetic training and imparting a research ethos. Sturtevant's influence in the division
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was particularly strong, second only to that of Morgan. For Sturtevant, Schultz
reminded George Beadle years later:

[Students] were not commodities for one's aggrandizement, but people who were
interesting to have around. There was no need to be aggressive about them. All
Sturt ever did was be himself in his lab. Dodik [Dobzhansky] was the one who
really wanted students, and you may recall how the bright undergraduates (Boche,
Bonner) started with him and went elsewhere. . . . Later the situation changed,
particularly as Dodik became more prominent.50

Dobzhansky, dynamic and broadly educated, was an inspiring and provocative
teacher. However, his interests in evolutionary biology were peripheral to Caltech's
focus on experimental biology and the Rockefeller Foundation's new biology
program.51

Morgan brought with him his Columbia graduate student, embryologist Albert
Tyler, in 1928 the first biologist to receive a doctorate from Caltech. A marine
biological station was set up at Corona Del Mar, Noyes's former beach house,
where students received training in experimental embryology and histology. The
Corona Del Mar experience was intended to capture the orientation and atmosphere
of the Marine Biological Laboratory at Woods Hole, Morgan's favorite scientific
retreat. Even beyond the traditional developmental mechanics, Morgan hoped to
develop a mechanistic physicochemical embryology linked to general physiology
and physiological genetics. As he stated in his 1933 Nobel Prize address, the bio-
chemical and cellular processes that linked gene action with embryonic development
remained unexplored, a wide gulf separating the two fields. Yet his own work, the
1934 monograph Embryology and Genetics, which contributed little to a synthesis
of the two fields, only reinforced the cognitive and disciplinary divide.52

To promote a mechanistic conception of life and to probe reproduction, growth,
development, and related physiological processes on a fundamental level common
to all organisms, the new biology program would depend exclusively on the causal
explanations of physics and chemistry. Amplifying and formalizing the dominant
trend of modern science, animate nature within the new program increasingly
retreated from the field into the confines of the laboratory. Rather than being
viewed as a historical process, life would be fixed within eternal spatial structures
and timeless laws of nature. On introducing the new curriculum in the 1928 Bulletin
of the California Institute of Technology, Morgan underscored that "It is with a
desire to lay emphasis on the fundamental principles underlying the life processes
in animals and plants that an effort will be made to bring together, in a single
group, men whose common interests are the discovery of the unity of the phenom-
ena of living organisms rather than in the investigation of their manifold diversities
[my emphasis]." Inasmuch as the curriculum description was a programmatic state-
ment of the new biology, it also represented a revolt from the tradition of natural
history and an implicit negation of the relevance of ecology and evolutionary
biology.53

Morgan of course acknowledged the importance of interactions of organisms
with their environments and appreciated the immense diversities of form and function
in the biological universe, more than he cared to admit, according to Dobzhansky.
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" 'Naturalist' was a word almost of contempt with him, the antonym of 'scientist,' "
Dobzhansky recalled. "Yet Morgan himself was an excellent naturalist, not only
knowing animals and plants but aesthetically enjoying the observing of them."54

Under the Loebian spell, Morgan now pronounced that enough insight had already
been gained to demonstrate that the diversity was mostly due to permutations and
combinations of relatively few fundamental and common principles. Mendelian
principles of heredity, for example, applied equally well to plants and humans,
Morgan argued, as did the responses of organisms to light and such cellular activities
as anabolism, catabolism, and respiration. Once elucidated by the laws of physics
and chemistry, Morgan insisted, the complexities of vital phenomena and the di-
versity of life forms dissolved into interactions of fundamental unifying principles.55

Morgan trumpeted the virtues of the new physicochemical biology with the zeal
of a new convert, though he had known Loeb since the 1890s and championed
experimental biology for two decades. Trends in biological research were changing,
he argued. In England, Germany, Russia, Scandinavia, and France the specialized
institutes in diverse biological fields focused primarily on the application of math-
ematical, physical, and chemical methods to biological problems; these research
centers had been growing steadily since the early 1920s, he observed. American
embryologists, botanists, zoologists, and geneticists should no longer be content
with traditional topics, working on narrowly circumscribed problems with exclu-
sively biological methods. Instead, they should be routinely borrowing analytical
tools from their colleagues in biochemistry, biophysics, and physiology depart-
ments.56 Even the term "physiology" or "general physiology" had by the 1920s
assumed a broad meaning, epitomized during the 1920s by the researches of Jacques
Loeb at the Rockefeller Institute. In contrast to the earlier medical physiology,
which concentrated on the human body and dealt with functions of specific organs,
the new physiology, in a sense a precursor of the new biology, focused on basic
questions regarding vital processes common to all organisms from protozoa to man.
As Morgan explained in his course descriptions:

General physiology differs in its aims from the traditional physiology, which
relates more particularly to man and the higher vertebrates, in so far as it en-
compasses the whole field of living things, selecting those for investigation that
are particularly suited to solve specific problems.

Organisms became mere probes. To accomplish this convergence on fundamental
unifying principles, Caltech's physiology group would bring together biochemists,
biophysicists, and "others whose interests lie in the reactions taking place in the
sense organs and central nervous system (physiological psychologists)."57 "The
terms 'physiology' and 'general physiology' have come to be used with wider and
wider meaning in biology," echoed the 1930s reports of the Rockefeller Foundation:

General physiology, as exemplified by Jacques Loeb, is especially concerned with
the treatment of basic problems by chemical and physical techniques. . . . Fur-
thermore, modern physiology is often concerned with cells, single nerve fibres
[sic], and tissues, rather than with whole organs. . . . The program at California
Institute of Technology is primarily concerned with studies designed to bridge
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the gap between the gene-chromosome theory of genetics and the developed
characteristics of the mature organism.58

Whereas in Europe the application of physical quantitative methods did not lead
to the miniaturization of life, Morgan projected an unambiguous vision. The grow-
ing dependence on physicochemical techniques and on interdisciplinary efforts
would correspond to parceling life into ever smaller units.

To accomplish these objectives, and in conformity with Caltech's cooperative
ideal and the Rockefeller Foundation's policy of cooperation, the new biology was
presented not only as an intradivisional enterprise but as a cooperative venture
with the physics and chemistry divisions. The Foundation had agreed in 1930 to
Noyes's plan of expanding and strengthening Caltech's chemistry division in order
to develop properly Morgan's biological work. They had figured it would cost a
minimum of $50,000 per year to develop organic chemistry "without which Dr.
Morgan's own program cannot be carried out, and we shall have to provide a new
wing to the Chemical Laboratory [the Crellin Laboratory, built in 1938] costing,
with equipment about $400,000."59 Accordingly, when planning the physical layout
of the departments, Morgan insisted that the biology wing should be contiguous
on one side with the planned organic chemistry laboratories, rather than with
geology, as Hale had originally proposed. Clearly, Morgan hoped that the proximity
of the two buildings would encourage close contact between the two departments.60

The effectiveness of the cooperative enterprise was predicated on the strength
of its departments of biochemistry, biophysics, and physiology and on their own
productive cooperation. Here Morgan was on a relatively unfamiliar territory. In
1927 Morgan confessed to Hale that "the time is not far off when individual names
will have to be considered. In the genetic field, where I know my ground, this will
not be difficult; but when it comes to the physiologists, I shall have to go more
slowly, and perhaps hold up the situation until I go abroad next spring."61 He
might have added "biochemistry and biophysics." Indeed, it was in the crucial areas
of physiology, biochemistry, and biophysics that Morgan's weaknesses and contra-
dictions manifested most clearly.

To begin with, Morgan had little direct knowledge of the physicochemical prin-
ciples of biology. Although exuding enthusiasm over Loeb's physiological re-
searches and for quantitative mechanistic biology, Morgan was uneasy with phys-
icochemical biology.62 Having been trained in embryology during an era when
biology was largely descriptive, Morgan's mathematical tools were limited to or-
dinary algebra; he knew little physics and even less chemistry. According to Henry
Borsook, the head of the biochemistry department since 1929, Morgan was ignorant
of the most rudimentary chemical techniques. He was impressed even by a simple
set of pH standards (prepared by Borsook) that corrected the unexplained incon-
sistencies in the data of Morgan's embryological experiments. Morgan developed
enormous respect, bordering on worship, for biochemistry, biophysics, and the new
physiology but did not have the necessary background for following the work being
done in these areas, except in broad outline.63

As is often the case when critical understanding is absent, Morgan enveloped
all things physicochemical in an intellectual mystique. With the zeal of a naive
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convert, Morgan insisted that biology had to be explained in terms of physics and
chemistry. According to Dobzhansky, "Morgan himself knew little chemistry, but
the less he knew the more he was fascinated by the powers he believed chemistry
to possess. There was no surer way to impress him than talk about biological
phenomena in ostensibly chemical terms."64 Consequently, Morgan himself was a
poor judge of researchers' abilities in these fields, relying instead on the assessments
of others.

That Morgan never fully internalized the gospel of physics and chemistry in
biology was clearly manifested during his 1931 meeting with Albert Einstein at
Caltech. According to Borsook, when Einstein asked Morgan why he had moved
to Caltech, he received the standard reply that the future of biology rested in the
application of the methods and ideas of physics, chemistry, and mathematics. Ein-
stein, expressing skepticism, gently pointed out that even physicists could handle
only the very simplest substances—hydrogen, helium, and a few other inorganic
molecules—and were unable to analyze complex organic molecules. Challenging
Morgan, Einstein asked if biologists could ever explain in terms of physics and
chemistry so important a biological phenomenon as first love. Although Morgan
struggled to explain something about the connections of sense organs to brain and
hormones, he later admitted that he himself did not quite believe the expedient
response he had offered.65 If his research at Caltech serves as an indicator, Morgan's
own interests lay closer to the morphological and developmental biology he helped
marginalize. Morgan abandoned even Drosophila genetics by the early 1930s. Until
shortly before his death in 1945, he pursued the invertebrate embryology with
which he had launched his career. Although a herald of the future, Morgan was
basically a scientific icon of the past.

A similar discrepancy between intent and practice muddled his relation to Amer-
ican and European science; his actions betrayed a conflict of loyalties. Like others
of his generation, Morgan shared the uneasiness of American researchers toward
European science during the interwar period. Morgan took pride in American
biology as an emblem of a matured national science and was committed to its
growth. Like most American leaders in science, he had generally weaned himself
from the European, especially the German, influence. At the same time, like his
contemporaries in academe who had spent several years at European research
institutes, Morgan had retained a romanticized perception of European research.66

Again and again, during the summers while he was still on the East Coast,
Morgan returned to the revered Marine Biological Station at Naples (and other
European institutes) in order to keep up with the latest developments in embryology
and physiology and to bring them to America. True, by the 1920s Morgan had
become disillusioned with German biology, finding it too descriptive and specu-
lative, even metaphysical and vitalistic. Nevertheless, he did believe that, with few
exceptions (e.g., genetics), the best researchers in biology were Europeans. The
luster of European science blinded his vision, eventually impairing his judgment
when choosing candidates for departmental leadership.67

The overestimation of European science was accompanied by an anti-Semitic
bias, muddling his plans with nonrational elements that stunted the growth of
physiology and biochemistry at Caltech. A pervasive sentiment during the interwar
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period, anti-Semitism was buttressed by restrictive quotas in elite academic insti-
tutions. The fact that some of Morgan's friends and associates were Jews did not
preclude an entrenchment of his nativist proclivities. "Time and again,"
Dobzhansky recalled, "he [Morgan] would make, especially when irritated, anti-
Semitic remarks of the most crude sort."68 This prejudice influenced his hiring
decisions.

In 1928, a year before Henry Borsook was appointed head of the biochemistry
group, Morgan attempted to lure to Caltech a number of prominent researchers,
all working at the intersection of biochemistry, biophysics, and general physiology:
William J. Crozier from Harvard, Selig Hecht from Columbia, and John Northrop
from the Rockefeller Institute. Although these attempts failed, he did have an
opportunity to bring in the noted Rockefeller Institute enzymologist Leonor Michaelis.
He wrote to Millikan:

Indirectly it has been conveyed to me that Doctor Michaelis, biophysicist, now
at J. H. U., who is recognized as one of the leading men in this field, will be free
at the end of this year, and probably would accept a call. I know him fairly well,
since he comes to Woods Hole, and I know he has the esteem of the best men.
On the other hand, he is not young, and already has collected about himself a
few young Jews. He himself is markedly Semitic. I have my doubts whether we
should want to start under these conditions, and shall make no moves. Possibly
next year we might invite him for a year, but this, too is dubious.69

A cultivated German emigre, Michaelis had raised quantitative biochemistry to
new heights with his seminal studies on reaction kinetics beginning around 1910.
Focusing on the physicochemical nature of proteins, especially enzymes, Michaelis
was an ideal choice for cooperative projects in biochemistry, biophysics, and
physiology.

Instead, Morgan appointed in 1929 Henry Borsook, an English-born medically
oriented biochemist from the University of Toronto, the only M.D. on Caltech's
faculty. To be sure, Borsook's traditional work was competent; and his recent
investigations on the relation of thermodynamics to biochemical reactions in plants
and animals were commendable. However, his true interests lay in traditional
metabolic research and clinical nutrition, a subject far removed from the interests
of Caltech's physicists and chemists. Borsook's contributions as a teacher were
valuable indeed, but he possessed neither the intellectual imagination nor the
managerial style necessary for building a department. An extreme individualist,
Borsook was ill-suited for the large cooperative enterprise at Caltech.

Borsook admitted as much. He regarded himself a maverick, a scientific loner
whose amateurish research style led to eclecticism. He disliked conformity, or
perhaps competition and scrutiny, and did not appreciate fashionable branches in
science, recalling that "if anybody began to work in something I was working at I
would drop it and turn to something else. . . . In a way it was an amateur's way
of looking at science rather than a professional's but that's the way I was, you
see."70 Perhaps not surprisingly, Borsook disliked the aggressive managerial style
of Linus Pauling, the head of the chemistry division; and although there was con-
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siderable overlap in their research interests—the relation of amino acids to peptides
and the chemistry of vitamins—minimal cooperation developed between their de-
partments. Borsook preferred intellectual isolation, did not like keeping up with
the literature, and had few professional contacts.71 His provincial academic style
did not necessarily conflict with his own research projects, but it was hardly suitable
for leadership in a cooperative interdisciplinary program.

Dominated by the influence of classical genetics and medical biochemistry, Mor-
gan's division during the early 1930s appeared traditional in outlook. Caltech's
biophysicist Robert Emerson, a specialist in photosynthesis, complained in 1931
of the orientation and practices in Morgan's division, all "milk-bottle-molasses and
beef-hash-muscle in outlook. . . . The biochemistry section is highly medical in
outlook and seems to me very narrow."72 The medical angle might have been useful
for fund raising, but it impeded the growth of alternative research paths. Within
a few years, however, after the arrival of George W. Beadle in 1931 and with
frequent visits by leading biologists, Caltech distinguished itself as an international
center in physiological genetics. Physiology, however, remained somewhat of an
embarrassment.

The plant physiology group, comprised largely of Utrecht scientists led by Fritz
Went, progressed well—perhaps too well for a division where agricultural research
was not intended to be a primary focus. By 1933, Morgan complained to the
Rockefeller Foundation that there was still no general physiologist or neurophys-
iologist at Caltech. Given the Foundation's emphasis on psychobiology and fol-
lowing the award of a long-term Rockefeller grant, Morgan was now in a position
to make two appointments in neurophysiology and to build up the physiology and
psychobiology groups at Caltech.

In April 1934, soon after the announcement of the grant, Morgan informed
Weaver of his plans to go to Europe to recruit physiologists, never even considering
the possibility of hiring American candidates. Here too anti-Semitism played a role.
He intended to go to London to meet with possible appointees and to discuss "the
general problem with men like Dale, Hill, and Haldane." From there Morgan
would extend his search to Sweden, Denmark, Holland, and perhaps Belgium.73

Rockefeller Foundation officer W. E. Tisdale, who met up with Morgan in May
1934 at a Royal Society soiree noted with some embarrassment that:

He [Morgan] has announced to all who will listen that the Rockefeller Foundation
has given him money to secure the services of a physiologist. He is combing
England and the Scandinavian countries to find one who is not Jewish, if possible.
From the English reception of this announcement, I am inclined to believe that
he will have difficulty in finding a first-rate Englishman who will be willing to go
to Pasadena.74

Indeed, Morgan was unsuccessful in his efforts. Although he did not return empty-
handed, he ended up hurriedly selecting two solid but rather ordinary neurophys-
iologists from Utrecht just four days before boarding the ship to America. Cornells
Wiersma and his assistant Anthonie von Harriveld were competent enough; cer-
tainly their researches on electrical conductivity of nerves matched the interests of
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the Rockefeller Foundation, but they distinguished themselves by their unremark-
ability. Neither possessed outstanding imagination or leadership qualities. As
Rockefeller Foundation officer H. M. Miller later observed: "Both are probably
quite competent, but HMM is inclined to wonder whether Morgan might not have
secured equally good or even superior young Americans, if he had made half the
effort here that he did in Europe."75 He might have also enlarged his talent pool
had he not been limited by his ethnic preferences.

Excellence aside, the presence of neurophysiologists at Caltech had significant
implications. By focusing on physiological genetics and psychobiology, the biology
program fit squarely within the Foundation's "Science of Man" agenda in terms
of both rhetoric and practice. In 1938, two years after Raymond Fosdick's as-
sumption of the presidency of the Rockefeller Foundation and Max Mason's move
to Caltech, the Hixon Fund was established at the Institute to support research on
human behavior. Administered by a committee consisting of Mason, Sturtevant,
Borsook, and Pauling, the fund supported the studies of R. Laurente de No from
the Rockefeller Institute who, in consultation with Caltech's staff in physics and
mathematics, worked on nerve action currents for half a year. The fund also aided
a cooperative project between members of Caltech's staff under the leadership of
Wiersma, van Harreveld, and representatives of the "state department of institu-
tions," the agency for the feeble-minded that had cooperated with the Human
Betterment sterilization campaign. The team investigated the effects of electroshock
as a means of psychotherapy; and later, in cooperation with the Department of
Psychiatry at Los Angeles County Hospital, clinical experience was obtained on
electronarcosis as a treatment for mental disorder. These projects would later place
Linus Pauling in an advisory role to the Ford Foundation when it launched its
program in behavioral science during the early 1950s.76

At the end of the 1930s, the realities at Morgan's division contrasted markedly
with the visions of strong cooperative physicochemical biology at Caltech. Plant
physiology and physiological genetics were thriving, but the other groups lagged
far behind. In fact, the weaknesses of the physiology, biochemistry, and biophysics
departments contributed to a lack of cooperation between biology and the chemistry
and physics divisions. The sympathetic attitude toward cooperation and Caltech's
social cohesion did foster some casual scientific exchange among the Institute staff,
but no formal joint projects developed—only a couple of collaborative publications
between the biology and chemistry divisions during the 1930s.

Viable interdisciplinary cooperation demanded more than rhetoric and good
intentions. Despite the purported cognitive overlap between biological phenomena
and the laws of physics and chemistry, there was in reality little disciplinary overlap
between the three disciplines; they represented vastly different intellectual tradi-
tions and social contexts. Perched at the apex of the Comtean ladder, physicists
and chemists generally had little appreciation or respect for the descriptive re-
searches of biologists, works they tended to view as unrigorous. Gazing up the
rungs, biologists generally suffered from an inferiority complex rooted in their
ignorance of mathematics and physics, as well as from their lower academic status.
This dynamic initially played a role in inhibiting collaborations between these
constituencies at Caltech.77
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Throughout most of the Morgan era the biology division remained isolated from
the rest of the Institute. Bonner remembered the first Kerckhoff Laboratory, built
on the extreme northwest corner of the campus, as "completely isolated from all
the other buildings—from the administration building, Throop Hall and from the
chemistry building, Gates Laboratory, and from the physics buildings across the
quadrangle. . . . So we were not only intellectually isolated from the rest of the
campus pretty well, but also physically isolated. This didn't change until 1938, with
the great building spree of 1938. "7S

The building spree of 1938 created favorable conditions for cooperation by
joining the new Crellin Laboratory of bioorganic chemistry with the new Kerckhoff
building, but the physical improvements did not solve the structural problems of
the biology division. Distanced from medicine and disinterested in eugenics, the
ambiguous service role of the biology division continued to place it in a precarious
position with respect to the envisioned needs of the region. The mediocre appoint-
ments, which retarded the growth of the division, created long-standing internal
strife. In the absence of strong leadership in physiology, biochemistry, and bio-
physics, the biological enterprise trailed far behind Pauling's thriving chemistry
division, hardly creating the atmosphere for a viable interdisciplinary partnership.
During the 1930s the division's productivity and acclaim derived primarily from
the researches in physiological genetics of Jack Schultz, George Beadle, and Max
Delbriick.

Figure 7 Biology staff in 1931. Seated (left to right): Henry Borsook, Herman E.
Dolk, Henry S. Sims, A. H. Sturtevant, Sterling Emerson, Hugh M. Huffman, Thomas
Hunt Morgan. Standing: Hermann F. Schott, Charles R. Burnham, Walter E. Lam-
merts, Kaj Linderstrom-Lang, Emory L. Ellis, Geoffrey Keighley, James Bonner,
Albert Tyler, George W. Beadle, Jack Schultz.
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INTERLUDE I

Protein Paradigm

The interest in physiological genetics during the 1930s stimulated the formation
of linkages between studies of genetic function and analyses of the composition
and structure of genes and chromosomes. These new cognitive strategies, backed
by financial and institutional resources of the Rockefeller Foundation, brought a
number of American geneticists into interdisciplinary cooperation with biochemists
and biophysicists. These convergences were based on the protein paradigm, on the
dominant explanatory framework that endowed proteins with determinative powers
over heredity and related vital phenomena. Most life scientists, whether explicitly
or tacitly, subscribed to the protein view of life; and a coalescence of cognitive
interests and institutional dynamics sustained the authority of the protein paradigm
until the early 1950s.

This intellectual-institutional nexus of the protein paradigm had a profound
effect on the funding strategies of the Rockefeller Foundation and on the rise of
molecular biology at Caltech. The architects of molecular biology placed protein
chemistry at the core of the program and premised many biological studies on the
knowledge gained from the various projects of protein research. The leadership of
Linus Pauling in protein research epitomized this trend. Although by the late 1940s
several groups had directed their efforts toward research on nucleic acids, Caltech
remained the bastion of the protein paradigm until 1953.

This Interlude traces the origins of this programmatic commitment to the early
part of the twentieth century and follows the interactions of intellectual patterns
and institutional forces that led to the conceptualization of molecular biology in
terms of the protein paradigm, placing Caltech at its vanguard.

Heredity and the Protein View of Life

When Morgan moved to Caltech in 1928 with Alfred H. Sturtevant and Calvin
B. Bridges, classical genetics was already perceived to be past its prime. The
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conceptual bases of heredity—the gross structural mechanisms of transmission and
mutation—were by then well understood. The "Drosophila group" of Columbia's
famed "fly room" had identified nearly 100 natural mutant types in the fruit fly,
relating each visible mutation to a specific location in the chromosomes. Guided
by these mutations as chromosomal markers in Mendelian crosses and informed
by cytological knowledge, Morgan's group had generated reams of data on relative
positions of genes in the chromosomes, mechanisms of linkage, crossing-over,
genetic inversions, and translocations. Bypassing physicochemical manipulations,
they pried out information with logical inference and algebraic tools; and the
knowledge was displayed in intricate genetic maps that charted the course of char-
acter transmission and genetic change. By the 1920s, Morgan's work and its coun-
terparts in other research centers had firmly established that genes, in plants or
animals, were arranged in the chromosomes in linear order, like beads on a string.
Jacques Loeb's praise of Morgan's genetics—"the most exact and rationalistic part
of biology, where facts cannot only be predicted qualitatively but also quantita-
tively"—expressed the view shared by many biologists during the 1920s.1

The discipline-building phase too had been completed; the Drosophila trail
linked East Coast laboratories, Midwest agriculture schools, and Pacific colleges.
Recognizing that cognitive advances depended on networks of knowledge, Morgan
and his associates introduced a new disciplinary feature: easy access to standardized
stocks of mutant flies at Cold Spring Harbor and Caltech and the newsletter Dro-
sophila Information Service. Materials and methods circulated among geneticists
around the world, stimulating an ethos of cooperative competition. By the late
1920s Drosophila genetics represented the dominant approach to heredity research
in America, much of Europe, and even Russia.2

Yet Morganian genetics attracted diverse critics. Because genes were too minute
for cytological methods and escaped even the best of microscopes, because Mor-
gan's work did not deal with "real" physicochemical entities, and because genetic
mechanisms in Drosophila did not explain development or speciation, skeptics
continued to challenge the cognitive scope and disciplinary power of genetics. The
medical sciences found Drosophila genetics of little clinical relevance. Biochemists
and physiologists—notably German physiological geneticist Richard Gold-
schmidt—tended to doubt the physical existence of the theoretical entities alto-
gether.3 Students of cytology, embryology, and zoology in the United States and
Europe questioned Morgan's verdict that the "cytoplasm may be ignored geneti-
cally." Even in his accolade of Morgan's genetic rigor Loeb did not mean to imply
nuclear determinism.4

To the extreme doubters, Morgan responded with a well-articulated 1933 re-
buttal. "What is the nature of the elements of heredity that Mendel postulated as
purely theoretical units? What are genes? Now that we locate them in the chro-
mosomes, are we justified in regarding them as material units; as chemical bodies
of a higher order than molecules?"

Frankly, these are questions with which the working geneticist has not much
concern himself, except now and then to speculate as to the nature of the pos-
tulated elements. There is no consensus of opinion amongst geneticists as to what
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the genes are—whether the gene is a hypothetical unit, or whether the gene is
a material particle. In either case the unit is associated with a specific chromosome,
and can be localized there by purely genetical analysis. Hence, if the gene is a
material unit, it is a piece of a chromosome; if it is a fictitious unit, it must be
referred to a definite location in the chromosome—the same place as on the
other hypothesis. Therefore, it makes no difference in the actual work in genetics
which point of view is taken.5

His was a two-pronged argument for logical sufficiency and disciplinary autonomy.
Even Drosophila geneticists acknowledged the cognitive peculiarity of their pro-

gram. As a quantitative science, Drosophila genetics was somewhat of a paradox.
Although arguing persuasively for the existence of concrete units of heredity, Mor-
gan's experimental methods did not deal directly with physical quantities. As Stur-
tevant and George W. Beadle pointed out:

Physics, chemistry, astronomy, and physiology all deal with atoms, molecules,
electrons, centimeters, seconds, grams—their measuring systems are all reducible
to these common units. Genetics has none of these as a recognizable component
in its fundamental units, yet it is a mathematically formulated subject that is
logically complete and self-contained.6

As a reaction to his predecessors, who had arbitrarily postulated physiological
entities and mechanisms of heredity, Morgan had adopted what Nathan and Ida
Reingold called "a strategy of almost geometric chasteness." The gene was simply
a location on a line.7 But what was a gene? Of what was it made, and how did it
work physically?

Having isolated the gene conceptually and having demonstrated the general
validity of the chromosome theory of heredity, Morgan now expanded the scope
of his program. He turned during the 1930s to questions of physiological genetics,
to topics Frank R. Lillie had been advocating for a decade: the physicochemical
nature of replication and mutation in relation to cellular growth and organismic
development. In 1932, in the presidential address to the Sixth International Genetics
Congress in Ithaca, Morgan outlined the new priorities as follows:

First then, the physical and physiological process involved in the growth of genes
and their duplication (or as we say "division") are phenomena on which the whole
process rests. Second: an interpretation in physical terms of the changes that take
place during and after conjugation of the chromosomes. Third: the relation of
genes to characters. Fourth: the nature of the mutation process—perhaps I may
say the chemicophysical changes involved when a gene changes to a new one.
Fifth: the application of genetics to horticulture and to animal husbandry.8

These priorities (with the partial exception of the last item), predicated on the
hybridization of genetics, physiology, biochemistry, and the physical sciences, formed
the backbone of Morgan's agenda at Caltech. These very topics, which were to
constitute the fundamental approach to development, maturation, and inherited
behavior, represented the salient features of the newly minted Rockefeller Foun-
dation's program in psychobiology.

The disciplinary and cognitive tangles confronting the amalgamation of physi-
ology, biochemistry, and genetics stemmed from divergent definitions of the func-



PROTEIN PARADIGM 107

tional units of heredity and from contested views of genetic action. The one point
on which Morgan, his supporters, and his critics could generally agree was the
protein nature of the hereditary material. During the first four decades of the
twentieth century, physicochemical explanations of the gene and its mode of ac-
tion—constancy, change, and regulation—were constructed mainly within the ex-
planatory framework of the protein view of life. According to that premise, proteins
formed the physical bases of life and were the principal determinants of repro-
duction, growth, and regulation. The belief in the primacy of proteins did not
represent a detour from the path to the double helix or a mere episode in the
century of DNA.9 The protein view of life was not a divergence but a dominant
concept that defined the mainstream of heredity research, forming a coherent and
internally consistent scientific theory and laboratory practice. For a quarter of a
century the protein paradigm explained, albeit inadequately, the cellular and sub-
cellular processes subsumed under the term molecular biology, and it guided the
entire research program at Caltech.

The conceptualization of the material basis of life in terms of proteins reached
back to the nineteenth century, of course, deriving conviction and imagery from
the enormous influence of T. H. Huxley's protoplasmic view of life (1864). His
theory bestowed upon the protoplasm—simple or nucleated—all the physical and
mental attributes of life, enshrining the gelatinous substance as the source of bi-
ological diversity and the locus of material and cognitive control. August Weis-
mann's work focused attention on the nucleus as the site of hereditary transmission
but shed little light on the chemical nature of chromosomes. Cytologists and phys-
iological chemists generally agreed that the nuclear material, chromatin, was com-
posed of two principal components: the part Friedrich Miescher had named "nu-
clein" in 1869 (and believed it to be the hereditary material) and the albuminoid
substances that characterized the cell's protoplasm. Unequivocal evidence dem-
onstrated that the amount of nuclein varied with the stages of mitosis, but re-
searchers suspected that the quantity of nuclein in the chromosomes was too minute
in comparison with protoplasmic matter to transmit hereditary traits. The intellec-
tual momentum of the protoplasmic view of heredity thrust it into the next century.10

Various scientists and popularizers during the first three decades of the twentieth
century strengthened the grip of the protoplasmic view of life on scientific thought
and culture. Eugenicists in particular infused potency into the linkage of hereditary
fitness and protoplasmic endowment by deploying images of stewardship over the
national protoplasm.11 Two figures, D'Arcy W. Thompson and Jacques Loeb, stand
out as visionaries who shaped scientists' concepts of the animate. With the protein
view of life as a point of departure, both scholars articulated the essence of life in
physical terms (with only passing attention to genetics). They diverged in a fun-
damental way, however, mirroring the Aristotelian categories of matter and form.
In a sense, the differences between the intellectual agendas of Thompson and Loeb
may be viewed as conceptual prototypes, representing, respectively, the structural
and biochemical approaches to animate phenomena. Both these lineages have
manifested their imprints on the molecular biology program. The ideas of D'Arcy
Thompson struck a resonant chord with the crystallographers, who would lead the
principal programs in protein research.
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A British aristocrat of learning and a staunch anti-Darwinian, Thompson inspired
the international scientific community with his classic On Growth and Form (1917).
His exposition drew on the age-old idea of living crystals—crystals as animate
structures and crystallization as a biological process.12 But Thompson empowered
the old metaphor with the armamentarium of molecular mechanics, encouraging
scientists to visualize growth and form in geometric and mathematical terms. Whereas
his work was limited by his deliberate trivialization of chemistry, his argument
emanated from the protoplasmic view of life. Thompson's idea that growth was an
intricate but quantifiable process of protoplasmic packing and its form an array of
space lattices reflecting precise molecular arrangements appealed to physicists,
mathematicians, and crystallographers. Complexity was no obstacle to logic,
Thompson argued, "That Nature keeps some of her secrets longer than others—
that she tells the secret of the rainbow and hides that of the northern lights—is a
lesson taught me when I was a boy." His confidence that physicomathematical
explanations would ultimately demystify the uniqueness of protoplasmic attributes
inspired scientists in Europe and America.13

Jacques Loeb, on the other hand, concentrated on matter. An arch-determinist
and a skeptic of Darwinian explanations of organismic adaptation, Loeb strove to
persuade students of the life and human sciences of the equivalence of life and
matter: both were a product of the blind forces of necessity. Often in the public
eye for his iconoclasm, Loeb designed his sensational studies of tropism and artificial
parthenogenesis in order to prove a point. Fundamental attributes of life, such as
fertilization and instinct, were reducible to the laws of physics and chemistry and
thus amenable to human control. His conviction that the solution of the riddle of
heredity would be written in physicochemical language stemmed from the perceived
primacy of proteins. According to Loeb, all living matter, liquid or solid, was
principally constituted of proteins, and their physicochemical properties governed
all animate processes.14

By the first decade of the twentieth century, studies of the amorphous protoplasm
tended to differentiate along the cleavage lines of competing approaches to protein
chemistry; and chemical explanations of reproduction varied accordingly.15 Of these
explanations, enzyme action and the concept of autocatalysis carried the greatest
weight. Fortified by the chemical triumph of Buchner's zymase over the living cell
(1896), biochemists rushed through the ruins of the protoplasmic monarchy to
establish the republic of ferments.16 Despite technical hurdles—harsh extraction
procedures, hand-powered bench centrifuges, almost no electrical equipment, and
no refrigeration—scores of enzymes were isolated in crude form.17 Some were
autocatalytic. Such an enzyme displayed the astonishing property of self-duplica-
tion, generating more of itself by accelerating the reaction in which the enzyme
itself was an end-product. By the 1920s, autocatalysis, often analogized with crystal
growth in the mother liquor, had become a popular catch-all term for a range of
vital processes involved in cellular reproduction and organismic growth.

Theoretically, both organismic and chemical growth could be described as ex-
ponential functions; the mathematical-graphical representation of the autocatalytic
process was the sigmoidal or S-shaped curve, plotting matter against time. It ap-
peared that whether one dealt with the chemical constituents of an enzyme, food
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for the organism, or crystal solution, one began with a "seed" particle that even-
tually regenerated out of its raw materials until reaching steady state and leveling
off. Plotted against elapsed time, such growth (in terms of quantity of matter)
yielded an S-shaped curve. Whether the curve was flattened or steep depended on
the rate of the reaction, which in turn was determined by other supposedly meas-
urable variables—the quantity of catalyst, for instance. In more complex systems
such as organisms, life scientists envisioned myriad autocatalytic reactions regulated
by a "master reaction" and adding up to the final S-shaped curve.18

Propagated by the colloid chemist Wolfgang Ostwald and the school of entwick-
lungsmechanik, the autocatalytic theory of growth and reproduction gained support
in America beginning around 1910 through the joint influence of A. L. Hagedoorn
(Loeb's student), T. B. Robertson, and especially Jacques Loeb. Reasoning on the
basis of analogy, the advocates of the autocatalytic theory argued for the ontological
unity of diverse phenomena—enzymatic autocatalysis, chromosome duplication,
protoplasmic growth, and organismic development—as all of these processes could
be described as S-shaped curves. Apart from the lure of theoretical unity, the
"autocatalycists" appealed to material reality. Colonizing the conceptual vacancy
created by Morgan's inferential nonmaterial approach, they transported enzymes
onto the center stage of heredity research.19

Most classical geneticists in America, preoccupied with crosses and maps, found
the autocatalytic theory of reproduction peripheral to their epistemic universe. The
noted German biologist Richard Goldschmidt, however, a vociferous opponent of
Morganian genetics, promoted the autocatalytic theory of heredity in American
journals and at Woods Hole. His search for a unified theory of development and
reproduction converged on autocatalysis as an unequivocal solution of heredity. If
genes were real, he argued, they were a definite quantity of something; that some-
thing, according to convergent evidence, was an enzyme. Genes were autocatalysts
that carried out certain reactions at rates determined, at least in part, by their
quantity. The only alternative, Goldschmidt concluded, was agnosticism.20

Goldschmidt's frustrations and the need for a physicochemical theory of heredity
was especially well articulated by Harvard's flamboyant psychophysicist Leonard T.
Troland. In his important article, "Biological Enigmas and the Theory of Enzyme
Action," Troland lamented in 1917 that despite the fact that several Mendelians
had hinted that "unit characters" were enzymes, no worker in genetics, with the
exception of Goldschmidt, had seen the light. He urged geneticists to adopt the
premise that Mendelian factors were autocatalytic enzymes, as such an approach
offered a single synthetic solution to all biological enigmas: the mysteries of the
origins of living matter, viruses, the course of variations, the mechanisms of heredity
and ontogeny, and general regulation.21

As an outsider to biological research, Troland drew on an impressive array of
studies, interweaving the findings of Irving Langmuir, Ostwald, Loeb, Robertson,
and Goldschmidt with his own intuitive sense of gene action. Troland intended to
convince biologists that the apparent complexity of organismic growth was merely
the additive effect of a large number of simple growths, each governed by its specific
autocatalytic mechanism and regulated by an overarching "master reaction." From
an evolutionary standpoint, the "first enzyme," which later mutated, gave rise to
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the multitudes of complex life forms; and according to Troland, strong evidence
pointed to free autocatalytic enzymes still existing in the biological universe in the
primitive form of "filterable viruses."22

Morgan had several objections. He explicitly rejected the claim that genes were
enzymes and considered the whole approach much too speculative. In a 1926 lecture
in Woods Hole he analyzed the problems of physiological genetics, drawing on
European and American studies, and outlined the weaknesses in Loeb's and Rob-
ertson's arguments. Morgan thought that, even if the putative autocatalytic reac-
tions were experimentally valid, they were no proof of gene action. These reactions
could be in fact many stages removed from the gene itself. He refuted the notion
of a multiplicity of regulated autocatalytic reactions, showing that the concept of
"master reaction" was completely arbitrary. Challenging Goldschmidt's fait ac-
compli, Morgan argued that the "quantitative theory" contained no measured
quantities of postulated enzyme, only some assigned arbitrary values. Morgan
advocated caution. He concluded that "we may not be warranted in speaking of
the genes as enzymes, the genes may be protein bodies, one of whose activities is
to produce enzymes which, being set free, act in each cell, and take part in catalytic
reactions in the cytoplasm."23

Morgan's views carried considerable weight but did not represent a consensus.
Sturtevant, whose ideas guided the younger Caltech geneticists, framed the prob-
lematic relation between genes and enzymes in terms nearly identical to those of
Morgan. The Drosophila geneticist Hermann J. Muller, on the other hand, was
captivated by the autocatalytic concept of reproduction, by Troland's prose, and
by Loeb's engineering ideal in biology. A leftist eugenicist, Muller was motivated
by the twin passions for a material genetics and for a technological control of
heredity. His Nobel-winning feat of inducing artificial mutations in Drosophila with
x-rays (1927) was intended to prove the existence of a physical gene and to dem-
onstrate a capability for its manipulation.24 He had been advocating a physico-
chemical approach to genetics and promoting "naked genes" (filterable viruses)
since the early 1920s. Viruses, and especially bacteriophage, simulate genes in their
autocatalytic action, Muller argued—they were the key to the riddle of life.25

This world picture greatly stymied the curiosity about the chemical structure
and physiological role of nucleic acids, despite their known unequivocal connection
to replication. By comparison to the robust research programs on proteins, Amer-
ican research on nucleic acids during the first four decades of this century was
negligible. Ironically, the most extensive and important work on nucleic acids
discouraged further interest in the topic. The studies (1909-1929) conducted at the
Rockefeller Institute by the Russian-born maverick Phoebus A. T. Levene led to
identification of the components of nucleic acids, distinguished ribonucleic acid
(RNA) from deoxyribose nucleic acid (DNA), determined their acidic character,
and linked these substances to regulatory chemical functions in the nucleus.26 This
work served to trivialize the physiological function of nucleic acids, however.

Based on these studies Levene constructed the "tetranucleotide hypothesis"
during the early 1920s. The hypothesis, literally a theoretical construction, pos-
tulated that the four nitrogenous bases, derived from the nucleotides, were present
in nucleic acids in equal proportions and combined in a fixed manner. The putative
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repetitive sequences suggested that nucleic acids had little biological specificity. By
1930 biochemists had come to regard nucleic acids as simple, uninteresting sub-
stances, incompatible with the complexities of genetic functions: replication, mu-
tation, cellular regulation, and organismic development.27 The short-lived interest
in nucleic acids was eclipsed by the intellectual promise, institutional resources,
and technological innovations of protein research.

Just around the time when genetics was broadening its scope toward biochem-
istry, protein chemistry and the autocatalytic theory of reproduction received an
additional boost. In 1930 Loeb's protege at the Rockefeller Institute, John H.
Northrop, crystallized the proteolytic enzymes pepsin and trypsin, and he soon
after demonstrated their autocatalytic properties. Northrop had also worked on
bacteriophage and viruses and, like many of his predecessors and contemporaries,
was convinced of the identity of viruses and enzymes, a functional reproductive
unit that formed a link between the chemical and physiological realms. His Nobel
Prize-winning work not only reinforced the conceptual foundations of the auto-
catalytic theory of life but introduced the study of enzymes into the new domain
of x-ray crystallography.28

The most sensational "proof" of autocatalytic reproduction of proteins came in
1935, when Wendell M. Stanley of the Rockefeller Institute crystallized the tobacco
mosaic virus (TMV). Adopting the techniques and interpretative framework of his
senior colleague Northrop, Stanley successfully isolated the virus in apparently pure
crystalline state. This technical feat, as Stanley pointed out in Science, demonstrated
that the "tobacco-mosaic virus is regarded as an autocatalytic protein which, for
the present may be assumed to require the presence of living cells for multiplica-
tion."29 His studies were confirmed and elaborated by the most advanced protein
technologies at the laboratories in Uppsala. Stanley's work seemed to supply con-
crete evidence for the compositional and functional equivalence of viruses, en-
zymes, and genes, linking them to the age-old concept of crystallization. The ob-
jections to the autocatalytic theory and to Stanley's disregard of the viral nucleic
acids were ignored with the euphoria of the protein victory.30

Life scientists and the popular media alike credited Stanley with finding the key
to the riddle of life. Muller touted Stanley's work as an epochal discovery, spreading
the lessons of protein crystals among geneticists. George Beadle, Max Delbriick,
and the officers of the Rockefeller Foundation singled out Stanley's work as the
most important breakthrough in understanding the molecular basis of the gene;
the discovery has been described as the symbolic beginning of molecular biology.31

A 1938 article on heredity in Scientific American marveled at the molecular unraveling:

Here is an almost unbelievable, a wholly novel, ability of a molecule: to create
its like out of the lesser molecules of a suitable surrounding medium. Only in the
gigantic virus protein have we discovered such a remarkable property. . . . For
an approach to this problem of self-creation, or autosynthesis, we must consider
the enzyme, also believed to be a formidable protein, though not as accomplished
a one as the gene. We have to speculate that the gene, as a super-enzyme, causes
a bafflingly complex chain of chemical processes in the protoplasm in which the
chromosomes swim.32
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The fate of physiological genetics was bound with the course of protein research.
The Rockefeller Foundation targeted massive funds to develop the field; the di-
versity of proteins—enzymes, amino acids, colloids, globulins, and crystals—pro-
vided abundant research projects. "All that association of phenomena which we
term life is manifested only by matter made up to a very large extent of proteins,"
argued Warren Weaver in justifying the centrality of protein research in the Foun-
dation's new program:

[Proteins] enter into nearly every vital process. They are the principal component
of the chromosomes which govern our heredity; they are the basic building stuff
for the protoplasm of each cell of every living thing. Our immunity to many
diseases depends upon the mysterious ability of serum globulin. . . . Several of
the hormones, including insulin, are protein in nature. . . . The invasion of certain
huge protein molecules, otherwise known as viruses, give us common cold, in-
fluenza. . . . Enzymes, those strange chemical controllers of so many of the de-
tailed processes of the body, those perfect executives which stimulate and organize
all sorts of activities without using up any of their own substances or energy—
these enzymes are now believed to be protein in nature. Indeed many diverse
scientists, each with his own special enthusiasm, would be willing to agree that
these proteins deserve their names of "first substances."33

During the 1930s and into the early 1950s, protein chemistry marked the vanguard
of diverse researches subsumed under the term "molecular biology."

Chemistry of Proteins During the 1930s:
Theories and Technologies

Protein chemistry during the 1930s was in a state of flux. Research programs
competed to explain protein composition and structure; some diverged even on
the basic definition of a molecule. More than any area of life science, protein
research depended on instrumentation, particularly on ultracentrifugation, elec-
trophoresis, and x-ray diffraction studies. Beyond new measurements, these tech-
nologies shaped the organization of biological research, literally creating instru-
ment-centered "borderland" subspecialties. Acquiring costly apparatus demanded
financial resources, and in turn access to the sophisticated apparatus endowed
scientists with cognitive resources and prestige. At the same time, novel technol-
ogies produced scientific artifacts and transdisciplinary evidence that complicated
the process of adjudication between competing theories. The prestigious Uppsala-
Rockefeller network, which dominated protein research, epitomized these inter-
disciplinary currents of knowledge and power; these developments, in turn, influ-
enced the research program at Caltech.

Theodor Svedberg, professor of colloid chemistry at the University of Uppsala,
was awarded the 1926 Nobel Prize in Chemistry as soon as his experiments on
proteins were published. His ultracentrifuge studies, which determined for the first
time the molecular weights of hemoglobin, ovalbumin, phycocynin, and phycoer-
ythrin, received instant recognition owing to their multiple levels of significance.
After a year's collaboration with physical chemist John W. Williams at the Uni-
versity of Wisconsin (1924), and drawing on Mason's and Weaver's analysis of
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sedimentation, Svedberg constructed the analytical ultracentrifuge. The giant ma-
chine, resembling a jet plane's cockpit, sorted protein molecules according to size
by subjecting them to a centrifugal force of 400,000 times gravity. A rotating optical
device recorded the rate of sedimentation (a run took more than 24 hours), and
the data were then interpreted mathematically.34 The primary significance of this
technological feat lay in its adjudicatory potential. The ultracentrifuge tested the
validity of colloid chemistry, a field then being challenged on several fronts.

Founded and propounded by Wolfgang Ostwald during the decade beginning
with 1910, colloid biochemistry focused on the aggregate nature of protoplasmic
substances—gelatin, albumin, and cellulose, for example—emphasizing their mi-
cellar properties. The new science sought to reveal the "world of neglected di-
mensions," the submicroscopic region between molecules and cells (10~5 to 10~7

cm). Those biochemists and biophysicists who adhered to the Van't Hoff-Arrhenius
theory of solutions demonstrated that solution chemistry sufficed to explain the
properties of colloids; Loeb, Northrop, Winthrop J. V. Osterhout, and Leonor
Michaelis were among these scientists (all were at the Rockefeller Institute). Ost-
wald's concept appealed to many serious researchers, especially to physically minded
life scientists who had found Emil Fischer's chain theory of proteins counterintui-
tive. Fischer, formulating his theory at the University of Berlin at a time when
many of the 20 amino acids had already been identified (1899-1908), demonstrated
that proteins consisted of linear arrangements of amino acids held together by
peptide bonds. However, Fischer also argued that molecular weights of polypep-
tides could not exceed 5000 daltons. How could such tiny snippets account for the
obvious unity and cohesion of protoplasmic matter?35

Hermann Staudinger supplied an answer that challenged Fischer's conservative
verdict. His work on biopolymers (e.g., rubber) at the University of Freiburg
indicated that colloid-like substances consisted of giant molecules—"macromole-
cules," as he christened them in 1924. Predictable and original objections followed.
Colloidalists protected the integrity of their fundamental units and the autonomy
of their specialty; organic chemists urged Staudinger to purify his contaminated
samples; the x-ray crystallographers made a forceful argument: A unit cell of silk,
or cellulose, is composed of molecules. Therefore how could a molecule be larger
than the unit cell?36

On one level Svedberg's ultracentrifuge supplied a decisive answer. Centrifugal
forces sheared the colloids into regular fragments, demonstrating that substances
such as hemoglobins and albumins had well-defined molecular weights. "Macro-
molecule" was indeed an appropriate term for these heavy weights, ranging from
four to five orders of magnitude. Aided by large Rockefeller grants, Svedberg's
group calculated during the following decade the molecular weights and shapes of
more than 30 large proteins. As sole owners of the analytical ultracentrifuge (1926-
1937), they dominated the molecular study of proteins. Did these molecular sub-
stances, however, conform to the traditional definition of a molecule—the smallest
particle existing in a free state? Opinions diverged on what exactly Svedberg was
measuring.37 In fact, Svedberg himself noted that small changes in hydrogen ion
concentration (pH) sufficed to dissociate the sedimented proteins into units of lower
molecular weight, suggesting that the forces holding the aggregates together were
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electrical. This observation did not help to define the molecularity of proteins, but
it sparked the development of yet another powerful technology, further strength-
ening Svedberg's protein establishment.38

Svedberg assigned the difficult task of building an apparatus for the electrical
separation of proteins to his graduate student Arne Tiselius (1930). In 1937, fol-
lowing a year's visit with the protein chemists at the Rockefeller Institute, Tiselius
unveiled the new electrophoresis apparatus: an enormous piece of equipment,
spanning 20 feet in length and about 5 feet in height. For the first time, complex
protein mixtures were separated reliably; and shadow photography recorded the
colorless boundaries. As in the case of the ultracentrifuge, the costly electrophoresis
apparatus became an organizing focus for cooperative interdisciplinary research,
an indispensable tool for exploring the science of proteins. It also became a source
of scientific authority. It defined the research on antibodies, confirmed the homo-
geneity of Stanley's viral proteins, and promised to test Mendelian inheritance by
distinguishing chemically between pure lines and hybrid proteins. The "Tiselius,"
as it was called (winning its engineer the Nobel Prize), would become crucial for
Caltech's molecular biology program.39

But beyond techniques, Svedberg aspired to elucidate the mystery of protein
structure. Discerning regularities in the voluminous ultracentrifuge data, around
1930 he postulated that all proteins, regardless of apparent size, represented ag-
gregates of subunits of molecular weight 17,500—half a Svedberg unit of 35,000.40

Yet Svedberg's results could not be checked independently outside Uppsala: Tech-
nological monopoly thus generated intellectual property. Those who objected to
Svedberg's arbitrary interpretations also mistrusted his technological authority.
"Fair is foul and foul is fair/Hover through the fog and murky air," quoted the
noted Wisconsin biochemist Karl P. Link, describing Svedberg's enterprise:

Have the U.C. [ultracentrifuge] boys, in contrast to the organic chemist, defined
the "molecules" they are measuring in such terms that fellow scientists and border
scientists, whom they presumably are attempting to help, know what they are
talking about? Have the U.C. boys not appropriated for their use a term (mol-
ecule) which has a definite, precise, and workable connotation in the chemical
laboratories of the world at large, and are they not using it in a manner that leads
to absurdity and confusion rather than clarity? Are the U.C. boys not making
up new rules of their game as they go along. . . ? And have they not called in
the advertizing [sic] departments and the prestige of prizes and honorary degrees
to tell the world of their great mechanical and engineering skill?

Marshaling the evidence of other Svedberg critics, Link reminded his audience of
Paracelsus' writing: "The power to recognize and follow the truth cannot be con-
ferred by academical degrees."41

Link's closest friend, the German emigre Max Bergmann at the Rockefeller
Institute, generally approved of the assault. "I have been skeptical of several of
Svedberg's findings and interpretations." he responded. "However, I have been
in doubt as to the extent to which my criticism was justified. Therefore I decided
to investigate the composition of several of the proteins by our chemical methods."
A former colloid chemist, Bergmann adopted Fischer's chain theory and during
the 1930s had been studying the proteolytic digestions of proteins in order to
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determine their amino acid compositions.42 Between 1936 and 1938, with the help
of Link's former graduate student Carl Niemann, the Bergmann-Niemann team
generated some intriguing results. They found that the total number of amino acid
residues per protein "molecule" obeyed a series of multiples of 288, corresponding
to Svedberg's multiple rule; ironically, their own analysis seemed to "independ-
ently" corroborate Svedberg's theory. The Bergmann-Niemann law did not just
denote the amino acid content. The numerical convolutions also traced a periodicity
within proteins, patterns that purported to account for genetic specificity. This
concept greatly appealed to Goldschmidt, who found in it confirmation of his theory
as well as suggested mechanisms of gene action.43

The cumbersome formulation enjoyed a wide hearing, firming up Niemann's
reputation and winning him a faculty position at Caltech in 1938. Levene was so
impressed with the work he was moved to write to Bergmann: "I have looked over
your reprints and cannot find words enough to tell you how much I admire your
work, for the things you have now accomplished seemed unattainable only a short
time ago."44 Having effectively terminated his interest in nucleic acids, Levene was
now working with Bergmann and other biochemists to form a separate division of
protein chemistry within the American Chemical Society and to establish a "central
laboratory for protein chemistry."45 Link, recovering from his slow comprehension
of Bergmann's theory, confessed: "Lieber Max: . . . I thought I was the only dumb-
bell in the world, but when I read the reviewer's words that the Bergmann-Niemann
Law was tough going 1 felt much better."46

Other biochemists, however, among them A. C. Chibnall, N. W. Pirie, and
R. D. Hotchkiss, were not as easily assured. They objected to the arbitrary nature
of the numerical interpretations. If one picked a random region in the bond listings
in the New York Times, Hotchkiss demonstrated, and calculated their molecular
weights (as he did), the fit of the protein data was within an error of 2.3, less than
half the 4.9 error of Bergmann's amino acid data.47 His and Pirie's judgments
coincided with Chibnall's verdict that these quantitative theories "demonstrated
nothing more than the hypnotic power of numerology."48 It was not a clear-cut
case. The theories exhibited the requisites of the hypotheticodeductive model and
the robustness of a sound experimental science. The theoretical construction of
protein composition was based on convergent empirical evidence drawn from sev-
eral supposedly independent lines of research.

The Bergmann-Niemann theory became more difficult to resist when x-ray stud-
ies marshaled corroborative evidence. X-ray crystallography of proteins was still
an embryonic specialty during the mid-1930s. When the Rockefeller Foundation
began supporting the physicochemical approach to vital processes, materials and
methods lagged behind D'Arcy Thompson's visions of an animate geometry.
A. L. Patterson of Philadelphia's Johnson Foundation had just developed a tech-
nique of applying Fourier series to x-ray spectra, enabling researchers to calculate
interatomic distances in crystals. John D. Bernal in Cambridge recorded in 1934
the first x-ray diffraction pattern of crystallized pepsin in its mother liquor; the
lattice constants agreed with ultracentrifuge determinations of the molecular weight
of pepsin. Based on his studies of the x-ray diffraction patterns of keratin, William
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Astbury at Leeds inferred that the fibrous protein had hexagonal folds, suggesting
a ring structure for the protein.49

Due partly to Fischer's own suggestions, several researchers during the 1930s
postulated various ring structures for proteins involving covalent bonds. The Aus-
tralian-born Oxford crystallographer Dorothy M. Wrinch, however, fortified the
ring postulate with mathematical rigor and geometric flair. Deeply inspired by
D'Arcy Thompson's ideas on form, Wrinch capitalized on topological considera-
tions. She proposed during the mid-1930s a honeycomb-like cage structure, a cyclol,
for native globular proteins. That the cyclol consisted of 288 amino acid residues—
and thus supposedly offered yet another independent source of evidence for the
Svedberg and Bergmann-Niemann units—only served to enhance the "hypnotic
power of numerology."50 Like her Rockefeller and Uppsala colleagues, Wrinch
anticipated that her protein structure would illuminate the molecular mechanisms
of heredity. "W. [Wrinch] is very anxious to get some person, Chambers presumably
being the obvious candidate, to attempt the removal of a large number of chro-
mosomes of the salivary gland and arrange these in a rodlike bundle which would
then be x-rayed for structure," Weaver recorded, after a visit with Wrinch, "W.
says that this is the first item on the 10-year plan she and Muller have recently
agreed on for genetics."51 Wrinch's theory possessed mathematical elegance, aes-
thetic appeal, and genetic promise.

The cyclol theory received wide exposure, generating both fanfare and contro-
versy. Wrinch, "the woman Einstein," as she was portrayed at the peak of her
fame, presented her beautiful geometric models in print and in numerous lectures
in England and America, and she received the enthusiastic endorsement of Nobel
laureate physicist Irving Langmuir.52 Yet both Bergmann and Niemann objected
to her cyclol theory and resented her acclaim. "[I]t seems that she is taken much
more seriously in America than England," Niemann complained to Bergmann
(from London). "In fact she is looked upon as the No. 1 menace and people go
out of their way to avoid her. Around the University College her name is an object
of horror."53 The popularity of her theory was short-lived. Within the next few
years, following Niemann's move to Caltech, the Pauling-Niemann team would
orchestrate the demise of Wrinch's cyclol and of her scientific career.

Thus as the interest in physiological genetics began to converge on the structure
and composition of proteins, and as Linus Pauling plunged into the turbulence of
protein research, the field churned with technological, cognitive, and disciplinary
cross currents. The opposition to Svedberg's arbitrary approach prolonged the gasp
of colloid chemistry. Advocates of the chain theory confronted the proponents of
the ring structure of proteins. Even those who did grant that denatured or "dead"
proteins were linear polypeptides believed that biologically active "live" proteins
were nonlinear. Many biochemists thought that the distinctive properties of bio-
logically active proteins resulted from covalent linkages, manifested in globular
structures. By the early 1940s Pauling would spur scientists toward a consensus,
grounding molecular biology in the most recent models of protein generated in his
laboratory. Throughout the 1930s, though, representations of gene function—rep-
lication, mutation, and phenotypic expression—diverged along the different con-
tours of the protein researchscape.
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CHAPTER 4

From Flies to Molecules:
Physiological Genetics During the

Morgan Era

Jack Schultz: A Bridge to the Phenotype

Jack Schultz's work constituted probably the earliest linkages between genetics,
physiology, and the physicochemical studies of proteins and nucleic acids. When
Schultz announced his interest in the biochemistry and physiology of heredity during
the late 1920s, his ideas floated in the margins of American genetics. "Doing
genetics" meant primarily Mendelian analyses. "I am very sorry to have given you
the impression that I have lost my interest in genetics," Schultz had to defend his
position to T. H. Morgan in 1929 to salvage his research plans at Caltech. "This
is far from the case. My primary interest is in genetic problems, and it is with them
that I have been chiefly engaged in the last two years. My concern with general
physiology, and in particular with the chemistry of pigments and enzymes, has been
directly inspired by the reasoning and results of the genetic analysis."1

Charting the course of his nascent career, Schultz described a two-pronged
research strategy. Rather than continue merely to map and analyze genes hori-
zontally along the chromosomes, as his Drosophila research colleagues had done,
Schultz suggested a vertical approach, integrating classical genetics with the study
of genes' effect on a single developmental process: the formation of eye pigment
in Drosophila. "The first type of experiment tells us something about the relations
of the genes to each other. The addition of experiments of the second type ties
this information up with a tangible mechanism."2 When he proposed this integrated
approach, Schultz departed from the paradigm of American genetics. At the same
time his physiological conception of gene action fit well with the new biological
enterprise.
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Schultz had traversed an unconventional path to his destination. Nurtured in an
intellectual socialist milieu of Russian-Jewish immigrants in New York City, Schultz
had been immersed in workers' political action and social philosophy, as well as
in the art world: music, theater, literature, and languages. His early years at Co-
lumbia University reflected his devotion to the humanities. Mounting expenses for
books, theater, and concerts led him to a bottle-washing job in Morgan's "fly
room," where Schultz's intellectual kinship with Bridges and Sturtevant soon cul-
minated in his graduate work under Morgan and Edmund B. Wilson. His close
association with Columbia biophysicist Selig Hecht sharpened Schultz's conviction
and skills in applying physicochemical methods to biological research.

Shortly before proposing his new research project to Morgan, Schultz had com-
pleted his doctoral thesis in which he showed that the large class of "minute"
mutations in Drosophila all produced nearly identical somatic effects. That these
mutations occurred at many different loci demonstrated that numerous independent
mutations could lead to similar phenotypic effects on development. Schultz's proj-
ect, sponsored by the Carnegie Institution, sought to investigate these mechanisms
in greater detail, to explain the physicochemical basis for gene action by focusing
on the processes linking genotype to phenotype.3

He tackled these problems at the new biology division, where the presence of
Dobzhansky, George Beadle, and such visiting European biologists as David G.
Catcheside, J. B. S. Haldane, and Boris Ephrussi helped broaden the scope of
discussions, both scientifically and politically. With the ravages of the Depression
spreading worldwide and the growing disillusionment with the alliance between
business and science, politicized scientific factions in Europe and United States
had begun calling for a socially responsive science. Schultz sympathized with the
political commitments of J. B. S Haldane, a central figure in the British science
movement. "You do political things much better in England than we do here,"
Schultz wrote to Haldane in 1933. "In America however I begin to feel that the
only politics scientists go in for are as conservative as they can be (e.g. Millikan).
The rest is silence."4 This ideological bond with British activism, lasting beyond
Haldane's American sojourn, undoubtedly did not endear Schultz to Caltech's
establishment.

Schultz continued to work within the framework of classical genetics, collabo-
rating with Bridges, Sturtevant, and Dobzhansky; but he increasingly veered toward
physiological and biochemical genetics. He collaborated with embryologist Albert
Tyler on fertilization experiments; and five years before Beadle's and Ephrussi's
noted transplantation studies in Drosophila on the genetic mechanisms of eye
pigment formation, Schultz had analyzed the absorption spectra of eye pigments
of various mutant Drosophila stocks. His work strongly suggested that the formation
of pigments was linked to metabolic processes. By the mid-1930s Schultz's interest
in the gene as a chemical unit converged on the study of nucleic acids, a rather
marginal topic for American biochemists and geneticists.5

The European scene, however, looked quite different. Schultz admired the
physiological and biochemical approach to genetics in Holland and Germany and
had planned on working in Europe. In 1937 he received a Rockefeller Fellowship
to travel to the Karolinska Institute in Stockholm to investigate the role of nucleic
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acids in the chromosomes. Their biophysicist Torbjorn O. Caspersson had been
by then studying the cytogenetics of nucleic acids for at least five years. The first
to combine knowledge of cell biology and biochemistry with ultraviolet microscopy
and precise spectroscopic measurements of nucleic acids in living cells, Caspersson
concluded that nucleic acids were somehow crucial for protein synthesis. Caspers-
son's group was the first to provide microspectrophotometric interpretations of
T. S. Painter's photographs of the salivary gland chromosomes in Drosophila, which
Morgan presented at his 1933 Nobel lecture in Stockholm. Schultz's training in
cytogenetics and biophysics was ideal for Caspersson's project. In fact, when plan-
ning on extending their two-year collaboration, Caspersson arranged in 1939 for a
Rockefeller Fellowship at the Carnegie Institute of Washington. Though these plans
dissolved with the eruption of World War II, the Stockholm experience led to a
permanent intellectual partnership and a personal bond between the two.6

Several papers accompanied their collaboration. Combining cytology and clas-
sical genetics with absorption spectrophotometry of nucleic acids, Schultz and Cas-
persson demonstrated that there is a close relation between the metabolism of
nuclear and cytoplasmic nucleic acids on the one hand, and the replications of
genes on the other. "These considerations," Schultz and Caspersson wrote in 1938,

have an especial interest in the case of the other self-reproducing molecules—
the viruses and the bacteriophage—all of which have been shown to contain
nucleic acid. It seems hence that the unique structure conditioning activity and
self-reproduction, possibly by successive polymerization and depolymerization,
may depend on the nucleic acid portion of the molecule. It may be that the
property of a protein which allows it to reproduce itself is its ability to synthesize
nucleic acid.7

Schultz communicated the significance of his work to Sturtevant, his Caltech men-
tor, arguing that "only by measurements of the nucleic acid present could one
get unequivocal evidence whether the nucleic-acid-containing band [on the Dro-
sophila's salivary gland chromosomes] were the loci of the genes."8 Since the 1930s
Schultz had conceptualized the gene as an integrated unit comprised of proteins
and nucleic acids, but the precise role of each component and the biochemical
interactions between the two was a matter of speculation.

If establishing credit for greatest proximity to "correct" solutions is of historical
urgency, then it is true that in assigning the primary replicative capacities and
biological specificities to proteins Schultz's and Caspersson's formulation situated
them within the protein paradigm. If other criteria are considered, however, their
work gains broader cognitive and disciplinary significance. Their findings not only
focused attention on the biological role of nucleic acids but emphasized the general
importance of interactive mechanisms between the nucleus and the cytoplasm. Their
biophysical approach, coupled with observations on the cellular level, implicitly
challenged the categorical reduction of heredity to problems of nuclear proteins;
and it did so at a time when scientific authority, institutional resources, and dis-
ciplinary power were heavily skewed in favor of the protein chemistry establishment
clustered along the Rockefeller-Uppsala axis.
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That this redressing of intellectual balance entailed career risks and a professional
price is evident from the anxieties Caspersson shared with Schultz.

There is no use trying to hide that the arrangement we made with publications
from America is the worst disappointment I have ever had, without much over-
words [referring to an aborted monograph]. I have almost cried in letters about
the cytoplasmic nucleotides being written as I have always felt that they would
be the basis for my continuation and as I badly needed paper merits. That has
had absolutely no results, and also nothing appeared from your genetical side. . . .
The last days the question is still more acute as Torsten Teorell [enzymologist
and Svedberg's associate] has got a professorship in Uppsala. . . . I find it difficult
to write a large nucleic acid monograph now, in view of the protein data, which
in my mind put the role of the nucleic acids on a lower shelf.9

The fear of confronting Svedberg's protein establishment was well grounded, though
Caspersson's fears were eventually dispelled. He was appointed professor of med-
ical cell research and genetics in 1944 and within a couple of years became the
director of the newly created Nobel Institute for Medical Cell Research and Ge-
netics, as well as the Wallenberg Laboratory of Experimental Cell Research.10

Schultz's career trajectory was far more turbulent. The five years following his
return from Sweden were burdened by searches for a permanent position and for
financial support for the sophisticated apparatus required for his physicochemical
cytogenetics. The period 1939-1943 ended with a harried year spent partly as
visiting professor with Lewis Stadler at Missouri, working on variegation in corn,
partly at Called!, and partly at Woods Hole. In 1942 Schultz received an offer
from the newly established Institute for Cancer Research in Fox Chase, Philadel-
phia.11 Apparently neither Morgan nor Millikan voiced strong interest in Schultz's
case, though Sturtevant did expend some effort to retain him at Caltech. Even
though Schultz had already decided to accept the Philadelphia offer, Sturtevant
tried to persuade Millikan to make a counter-offer. The weak terms proposed (an
assistant professorship and a salary of $3500) only underscored Caltech's lack of
commitment to Schultz's project and career. "I need scarcely tell you that I don't
take it seriously as a counter-offer," he wrote to Morgan when he accepted the
new position with its expanded research opportunities.12 It was one of the recurrent
ironies of Caltech's molecular biology program that its missed opportunities often
coincided with institutional decisions that were out of step with its cognitive aims.

During the following years Schultz brought his expertise in genetics, cytology,
embryology, physiology, and biophysics to bear on the study of basic mechanisms
underlying replication, mutation, development, and growth—the very interests and
skills that defined the intellectual core of Caltech's biology division. Throughout
the 1930s, in professional addresses and grant proposals to the Rockefeller Foun-
dation, Morgan trumpeted the broadening scope of genetics. The rhetoric sur-
rounding the cooperation ideal stressed the need for building intellectual and dis-
ciplinary bridges between studies of heredity, development, and growth through
physicochemical methods. Schultz's project, its content and style, fit squarely within
that agenda and contributed to its goals, especially during the division's intellectual
nadir during the war years.
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By the early 1940s, the department had deteriorated considerably. Morgan, now
retired, complained that there was virtually no genetics at Caltech. Dobzhansky
had left for Columbia after years of bitter feuds with Sturtevant; and Bridges had
passed away. The division pinned its hopes on Beadle, whose research and personal
style (his work in biochemical genetics and his midwestern roots) made him ideal
for Caltech's molecular biology program and its conservative social milieu. Beadle,
however, resisted Caltech's overtures, in part because of the division's scientific
decline.

Beadle, Ephrussi, and the Physiology of Gene Action

George W. Beadle, born, raised, and educated in the farmlands of Nebraska,
arrived at Caltech as a National Research Council Fellow in 1931 after completing
his doctoral research in corn genetics under Rollins A. Emerson. The excitement
generated by Morgan's group had reached Cornell's Agricultural College during
the late 1920s, and Drosophila mapping techniques were now being applied to corn
genetics, principally by the maverick graduate students Beadle and Barbara
McClintock. They had already distinguished themselves in 1927 through the dis-
covery that some cytological phenomena, such as pollen sterility, were gene con-
trolled. Beadle's subsequent analyses of genetic linkages in corn continued to exploit
results derived from calculating mapping distances.13

In addition to thorough training in corn genetics, Beadle audited courses in
physical chemistry and biochemistry. These were particularly exciting times for
biochemistry, he recalled. The mid-1920s were the golden age of enzymology, and
Cornell was at the center of ferment, where biochemist John B. Sumner conducted
his Nobel Prize-winning work, which led to crystallization of the first enzyme
(urease) in 1926 and to its identification as a protein. Having followed Emerson's
call for cooperation among plant physiologists, biochemists, and geneticists, Beadle
was predisposed to an interdisciplinary approach well before his move to Caltech.
His familiarity with some of the debates surrounding the relations of genes to
enzymes and to general physiology broadened his thinking on heredity.14

With significant publications to his name, Beadle's career as a corn geneticist
was well on its way, but his plans were unorthodox. Visiting the Drosophila center
in Austin, Texas on his way to Pasadena, Beadle shocked colleagues by announcing
that he would devote his Caltech Fellowship to becoming an expert on Drosophila
genetics. Corn work, he explained, was just too slow, and the major problems—
how genes produce their effects on the phenotype—could be attacked more effi-
ciently by using an organism that produced a new generation every 10 days. He
was prepared to forsake the species on which he had cut his teeth genetically and
start all over again, learning the intricacies of a new biological system.15

With the exception of graduate student Carl Lindegren, whose doctoral project
focused on the genetics of the fungus Neurospora, Caltech's group in 1931 was still
a place for Drosophila and corn genetics. With the encouragement and collabo-
ration of Dobzhansky, Sturtevant, and Sterling Emerson (son of Beadle's mentor),
Beadle plunged into Drosophila research hoping to learn more about the nature
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of gene action. Within a few months of his arrival at Caltech, Beadle published
two articles on cytogenetics (one on corn and one on Drosophila); both addressed
the relation between genes and their cytoplasmic expression.

There was a kind of circularity about the gene problem, as Schultz aptly put it.
If one knew what a gene was, one could probably find out how it worked; if one
understood the mechanisms of gene action, one could begin to predict what the
gene was. Put differently, given enough knowledge about development and the
cellular events leading to the adult character, one could utilize such knowledge to
understand the role genes played in development and thus learn something about
the nature of the gene itself. If, on the other hand, properties of the gene could
be understood from independent evidence, it would be possible to unravel devel-
opmental processes of characters. The problem was to solve both puzzles at once,
knowing the answer to neither.16 Beadle continued to explore the mechanisms of
cytogenetics; his publications over the next two years were a tour de force, not
only of volume but of focus as well. His detailed genetic analyses of crossing-over
mechanisms of meiosis in corn and Drosophila persistently aimed at elucidating
the relation between genes and cellular process. These studies, however, were
approaching a point of diminishing returns.

A visit to Caltech in 1934 of Rockefeller Fellow Boris Ephrussi, the Russian-
born French biologist, infused Beadle with intellectual adventure. Outgoing and
witty, Ephrussi was particularly enthusiastic about learning genetic methods. Hav-
ing specialized in tissue culture techniques at the Institute de Biologic Physico-
Chimique in Paris, he now hoped to combine these methods with transplantation
experiments aimed at understanding the developmental aspects of gene action.17

Beadle and Ephrussi spent long hours and drank much beer while discussing the
interrelation between genetics and embryology and lamenting the gulf separating
the two fields. To a large extent the problem was a structural one: lack of a suitable
biological system, a species simultaneously compatible with genetic crosses and
developmental observations. The geneticists' favorite organism Drosophila was not
well suited for embryological studies; and frogs and sea urchins, the embryologists'
classical specimens, were inappropriate for studying genetics.18

Beadle exemplified the "problem-oriented" trend of the new biology. His ap-
proach to physiological genetics and his search for a biological system were strikingly
evident in a 1934 paper that conceptualized the central problem in terms of the
"ideal organism." Reviewing more than a dozen studies in corn, Drosophila, flow-
ering plants, mosses, and fungi, Beadle compared the relative merits of these
biological systems, already then singling out Neurospora for its methodological
merits (based on some of Lindegren's findings). Yet Drosophila had a clear ad-
vantage over most other organisms. Its genetic makeup was well understood, and
some work had already been done on the physiological aspects of several characters,
especially eye color.19

With Morgan's encouragement, Beadle spent the following year in Paris with
Ephrussi learning tissue culture and transplantation techniques in Drosophila. Mor-
gan arranged to continue Beadle's salary of $1500, which had been reduced by 33
percent because of the Depression. Only years later did Beadle learn that, because
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of Caltech's financial problems, his stipend was almost certainly provided personally
by Morgan.20

Although their initial attempts at tissue culture promptly failed, Morgan con-
sidered their joint project to be of prime importance and had a great deal of
confidence in Beadle's ability and scientific judgment. Beadle and Ephrussi switched
to larval transplantations in Drosophila, a technical feat that turned out to be
successful despite unfavorable odds. The knowledge gathered from these experi-
ments established a conceptual framework for future work in biochemical genetics,
forming new links between American geneticists and biochemists.

Research in physiological or biochemical genetics, of course, did not originate
at Caltech with Beadle and Ephrussi. Since the early years of genetics and through
the first two decades of the twentieth century, European geneticists had conducted
experiments aimed specifically at understanding the relation between genes and
the formation of color pigment. These researches ranged from the inheritance of
color in flowering plants to studies of coat color in animals and from eye color
experiments in insects to analyses of pigment differences, such as albinism and
color blindness in humans. Beadle acknowledged the influence of these early in-
vestigations on shaping his own thoughts on the subject.21

He was familiar with the work of Muriel Wheldale (The Anthocyanin Pigments
in Plants, 1916), which dealt with the genetic as well as the biochemical aspects of
color development of flowering plants, work that was later extended by Rose Scott-
Moncrieff. J. B. S. Haldane and C. D. Darlington, visiting scholars at Caltech
during the early 1930s, promoted this line of physiological genetics, emphasizing
its general importance to the problem of gene action. Some of these studies showed
that albinism in flowering plants was correlated with an absence of oxidative en-
zymes, an observation that agreed with results obtained from experiments on re-
cessive whiteness in rabbits. Haldane's own prolific research in physiological ge-
netics included studies of inheritance of color-blindness and hemophilia. By 1925,
the classic 1909 work that informed Haldane's own studies, Inborn Errors of Me-
tabolism by the English physician Archibald Garrod, was reprinted in England.
The work, which correlated enzymatic deficiency with a recessive Mendelian trait
leading to the metabolic disease alkaptonuria, highlighted a connection between
genes, chemical reactions, enzymes, and the development of characters in orga-
nisms. In general, the prevailing trend during the first three decades of the century
was to view development as a complex chemical process—a series of progressive
stages in which genes themselves acted as enzymes governing chemical reactions.22

Beadle also drew substantially on the works of geneticists in Holland and Ger-
many, who had always situated problems of heredity within a broader physiological
context. The school of Carl Correns in Germany had a strong research tradition
of studying chemical processes of color formation in plants. The research project
of the German group led by Alfred Kuhn and Ernst Caspar! was of particular
urgency to Beadle. By the 1930s they had adapted the older organ transplantation
techniques in the meal moth to the study of diffusible substances that might control
pigment production. Their rapid progress posed serious competition to Beadle and
Ephrussi, as did the work of Richard Goldschmidt at the Kaiser Wilhelm Institute
in Berlin. The vocal and controversial proponent of biochemical genetics had always
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aimed his genetic research toward the relations between heredity and develop-
mental processes, viewing the gene as essentially enzymatic in nature.23

However, in an important respect, Beadle's and Ephrussi's approach to the
problem of gene action differed fundamentally from that of their predecessors
engaged in physiological or biochemical genetics. By selecting Drosophila as their
organism, they broached the problem within a well-defined biological system, the
genetics of which was exceptionally well understood. Despite the obvious technical
difficulties of working with diminutive insects, with only small amounts of pigment
visible as eye color, no other system, with the possible exception of corn, possessed
such well-standardized and meticulously analyzed mutant stocks. With more than
two dozen genetically characterized eye color mutants at their disposal, Beadle and
Ephrussi possessed powerful physiological probes. They generally followed Mor-
gan's functionalist approach. In directing their inquiry toward "how the gene worked"
rather than asking "what the gene was," they relied on Mendelian crosses that
correlated a specific biochemical event with a precise location on the chromosome.
Beadle and Ephrussi thus steered clear of theoretical premises and the ongoing
debates that had begun during the first decade of the century over the question
whether genes were enzymes or only made enzymes. They, in fact, heeded Morgan's
warnings that until rigorous experimentation was done one was not justified in
assuming that genes were enzymes.24

Time and politics were on Beadle's side. By the late 1930s, as the situation in
Germany worsened and the conditions for scientific research deteriorated, inves-
tigations in many biological fields were curtailed and lines of communications among
researchers were broken. The research of Kuhn and Caspar! was interrupted and
eventually eclipsed by the success of Beadle and Ephrussi and later by the Nobel
Prize-winning research of Beadle and Tatum. However, without these earlier stud-
ies, especially without some of the techniques, Beadle and Ephrussi could hardly
have succeeded in performing their own transplantation experiments during a brief
period of two years.

The theoretical background and the underlining principles behind Beadle's and
Ephrussi's transplantation experiments in Drosophila derived primarily from Stur-
tevant's earlier work on naturally occurring mosaic flies, which displayed a mixture
of genetic traits (two or three eye colors, for example). Sturtevant had shown in
1920 that the recessive vermilion eye color (the absence of brown component;
normal or wild-type red is comprised of red and brown pigments) was nonauton-
omous (if one eye and a small portion of its surrounding tissue were vermilion and
the remainder wild type, the genetically vermilion eye would produce both pigment
components). This observation suggested that the brown pigment might be deter-
mined not by the genetic constitution of the eye pigment itself but by some other
portion of the body, moving to the eye during development.25

Sturtevant's 1920 findings had only peripheral relevance during the period dom-
inated by the Mendelian paradigm. In 1932, however, as attention was shifting to
physiological genetics, Sturtevant stressed the potential of mosaic flies for the study
of biochemical and developmental effects of genes. He concluded:
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It is clear that in most cases there is a chain of reactions between the direct activity
of a gene and the end-product that the geneticist deals with as a character. One
may surmise that any valid generalizations about these reactions are more likely
to concern the initial links than the terminal ones. However, it is the terminal
ones that are usually more open to experimental attack, since the only index to
the effectiveness of given experimental technique is the condition of the end
product. Looked at from this point of view, the type of experiment that I have
described may be considered as a beginning in the analysis of certain chains of
reactions into their individual links.26

Sturtevant's conclusion, which implied a hormonal or humeral step-wise link be-
tween gene and eye color formation, was soon to be demonstrated by Beadle and
Ephrussi in a set of experiments in which they transplanted genetically vermilion
embryonic eyebuds into wild-type host larvae. These seminal studies began to
illuminate the murky area of gene function and enzyme action; they also focused
the attention of biologists and the Rockefeller Foundation on Beadle as a rising
star in the life sciences.

Beadle's and Ephrussi's transplantation experiments were a technical feat. In
contrast to the relatively straightforward theories behind the experiments, the sur-
gery and injection procedures in embryonic Drosophila seemed forbidding. The
transplantation method used in earlier studies of larger insects was understandably
never attempted in Drosophila because of the small size of the flies. The dissection
of donor larvae and injection of host larvae, performed under binocular micro-
scopes, had to be perfectly synchronized: one person excising imaginal disks (em-
bryonic eyes) from mutant donor larvae, and the other preparing host wild-type
larvae, etherizing and placing them on slides in a convenient position for injection.

Figure 8 Boris Ephrussi (left) and George Beadle (right), ca. 1930s. Courtesy of
the California Institute of Technology Archives.



130 MOLECULAR VISION OF LIFE

The imaginal disks would then be injected into the abdominal cavity of the larvae,
using specially constructed micropipettes barely large enough to accommodate the
implants. Speed and efficiency were crucial factors. On "good" days about 160
transplantations were made at a rate of 30 per hour, with a success rate of 80 to
90 percent.27

As a result of these implantations of vermilion into wild-type larvae, Beadle and
Ephrussi found that vermilion disks differentiated into adult structures of wild-type
color. Because the implanted eyes developed in the hosts' abdomens with no con-
nection to surrounding tissues, Beadle and Ephrussi concluded that the lymph of
the wild-type hosts had to contain diffusible substances responsible for correcting
the deficiency in brown pigment that led to normal red color. They also concluded
that the postulated hormone-like substance was produced under the control of the
wild-type allelomorph of the vermilion gene, that is, under the control of the normal
counterpart of the eye color gene in the homologous chromosome. That substance,
they reasoned, represented the link connecting the gene with its corresponding
character, as Sturtevant's studies had suggested.28

These positive results led to a search in more than two dozen Drosophila eye
color mutants tested by similar transplantation experiments. The search turned up
one additional nonautonomous mutant called cinnabar (vermilion-like but browner
eye color). The cinnabar eye disks, when transplanted into wild-type larvae, also
differentiated into normal red eye color. The question was whether the same dif-
fusible substance was involved, probably representing a single chemical reaction;
or were there two diffusible substances and more than one reaction? Reciprocal
transplantations made it obvious that there were two substances; and additional
manipulations accompanied by educated guesses led to the conclusion that somehow
eye color genes regulated a chain of chemical reactions leading to pigment formation
through the action of substances circulating in the organism, loosely defined as
"hormones."29

Some of their findings even made their way into corn genetics. Dutch plant
physiologist at Caltech Jan van Overbeck relied on a similar rationale for his
experiments with mutant dwarf races of corn, investigating the genetic control of
the plant growth hormone auxin. Although he did not develop that line of inquiry,
he did show in 1935 that there was a chain of intermediate reactions between the
mutant dwarf gene and decreased growth. (The chain involved increased oxidation
level, partial auxin destruction, and decreased plasticity of the young cell wall.)
Though sketchy, his findings suggested that, in principle, physiological mechanisms
governing genetic control of growth and development were similar in animals and
plants.30

Yet, in general, there was little coordination between Beadle's project in bio-
chemical genetics and Caltech's biochemistry group, reflecting some of the problems
in the biology division that held back the plans for cooperation. Borsook's group
was interested in the thermodynamics and bioenergetics of food combustion, but
they also worked on amino acid and nitrogen metabolism, enzymes, and vitamins.
Some of these studies could have been focused to complement Beadle's work in
biochemical genetics. Instead, Borsook's projects remained scattered, serving mainly
to promote the importance of nutrition and to train graduate students in biochemical
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techniques and physicochemical analyses.31 Some of his students would later join
Beadle at Stanford, but during the late 1930s Beadle looked elsewhere for devel-
oping the biochemical side of his research.

At the end of their Paris collaboration in 1936, Beadle and Ephrussi returned
to America. Ephrussi, now on his third Rockefeller fellowship, brought with him
to Caltech in 1936 another Rockefeller Fellow, a young biologist from the Sorbonne
named Jacques Monod, whose interest in the genetic regulation of cellular processes
grew out of the discussions at the laboratory of Beadle and Ephrussi. These early
ideas, reinforced by Monod's collaborative research at Caltech in an environment
that stressed the genetic aspects of biochemical processes, strongly influenced Monod's
thinking, later reflecting in his research on the genetic regulation in bacteria. Bea-
dle's collaboration with Ephrussi tapered off. Following a year at Harvard, Beadle,
presumably due to budget constraints at Caltech but also because of the division's
weaknesses, accepted a position at Stanford, a move that was a major blow to
Caltech's biology division.32

During the last four years of collaboration, 1936-1940, Beadle and Ephrussi
focused mainly on the postulated diffusible substances in the larval lymph. These
experiments led to the extraction and isolation of these substances.33 For isolating
and identifying the active substances and for linking them to the gene on one hand
and to pigment on the other, Beadle depended on the cooperation of biochemists.
In 1930s America, where there existed no common institutional ground for bio-
chemistry and genetics research and virtually no dialogue between the two com-
munities, Beadle's project demanded intellectual dexterity and administrative flex-
ibility. His deftness at leading cooperative projects had become an intellectual and
institutional asset. He was courted at Caltech and by the Rockefeller Foundation.

By 1940 Beadle's collaborations with British plant biochemist Kenneth Thie-
mann (who had left Caltech for Harvard), Dutch plant physiologist Arie J. Haagen-
Smit (who joined Caltech in 1938), and the microbial biochemist Edward L. Tatum
from Wisconsin led to the identification of one of the diffusible substances in the
Drosophila larvae with kynurenine, a derivative of the amino acid tryptophan. The
second diffusible substance, derived from the first, was shown to be a direct pre-
cursor of the wild-type pigment. The next, and most important, task would be to
connect these intermediate links with the two opposite ends of the chain: the
pigment product and its regulating gene.34

As Sturtevant pointed out in a 1941 review article, there appeared to be no
major conceptual or even technical obstacles to reaching the pigment end of the
chain. It was bridging the gap between the hormone-like substance and the gene
that was a challenge. That an oxidizing enzyme was involved in pigment formation,
as the new transplantation experiments suggested, was itself no news, especially
to European biologists. Beadle and Ephrussi went further, however, by showing
that somehow a specific gene intervened in tryptophan metabolism through the
action of specific oxidizing enzymes. Superficially, the conceptual problem of pri-
mary gene activity could have been reduced to a technical problem of enzyme
chemistry. Such an approach to reproduction and growth was indeed widespread,
especially at the Rockefeller Institute, where the heavy emphasis on enzymology
paralleled a disregard of the genetic aspects of physiology. Even with an appre-
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ciation of the role of the gene in development, the difficulties appeared insur-
mountable. As Sturtevant lamented in 1941, "the chain of developmental reactions
may be traced back to the gene, but there is no way of determining when one has
reached the gene."35

Despite Sturtevant's skepticism, Beadle and Ephrussi had made considerable
progress in filling in some of the blanks in the representational scheme that linked
the intermediate steps between the gene and its biochemical products. Their work
helped break the circularity between what a gene was and what it did, a circularity
that confused most previous studies in physiological genetics. As a result, Beadle's
and Ephrussi's transplantation experiments in Drosophila came to be regarded by
the international community of biologists as one of the three major advances in
genetics during the 1930s (the other two being Painter's work on salivary chro-
mosomes and the studies of radiation effects on germ cells). Beadle emerged during
the late 1930s as an exemplary model of cooperative individualism—a man whose
individual initiative inspired group interest. His accomplishments soon brought him
to the attention of the Rockefeller Foundation. When scouting for key team leaders
for the molecular biology program, the Foundation officers closely scrutinized
Beadle. After a 1936 visit to Woods Hole they noted: "Beadle makes an excep-
tionally fine impression and is undoubtedly one of the most promising men of his
age in Biology—a man to be watched."36

The Riddle of Life:
Max Delbriick and Phage Genetics

In 1937, just as Beadle left for Stanford, theoretical physicist Max Delbriick
arrived at Caltech's biology division from the Kaiser Wilhelm Institute in Berlin.
Delbriick was another candidate closely watched by the Rockefeller talent scouts.
He had been investigating gene structure and mutations in Drosophila for five
years, using x-ray techniques and theories of quantum physics. He too demonstrated
an ethos of cooperation; his research style blended the prized qualities of individual
initiative and team work. His family history—the great grandson of Justus von
Liebig, son of the noted military historian Hans Delbriick, and nephew of Adolph
von Harnack, founder of the Kaiser-Wilhelm Gesselschaft—placed Delbriick at
the hub of Germany's academic and ruling elite. When he was invited to apply for
a Rockefeller fellowship in 1936, Delbriick stood near the intellectual and social
summit of science. He could have chosen other institutions, but he selected Cal-
tech's biology division for its cooperative research program and its sympathetic
attitude to physicists. The reputation of Morgan's division as a place where classical
genetics joined forces with physics and chemistry, and the Rockefeller Foundation's
promotions of such projects, had reached Europe.37

On the surface, Delbriick's research program seemed to match Weaver's cog-
nitive goals closely: physics applied to biology. Delbriick's epistemological objec-
tives, however, were in fact somewhat different. Whereas Mason and Weaver
sought to escape the threat of nondeterministic physics, Delbriick's Weltanschauung
centered around acausality. Mason's and Weaver's molecular approach to biology
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was predicated on applying sophisticated technologies from the physical sciences
to vital processes. Delbriick's approach, on the other hand, was one of minimal
physicochemical intervention. Whereas the Rockefeller architects of the new bi-
ology hoped to recapture in the new biology the security of the old mechanistic
physics, Delbriick intended to force yet another uncertainty—to discover through
the riddle of life new laws of nature.

A child of the "physics revolution" of the 1920s, Delbriick entered biology in
1932 with profound appreciation for the complexity and organization of living
matter and for the parallels between acausal quantum physics and biological ex-
planations. This approach to biology was inspired by his close association with Niels
Bohr during the years 1931-1932, an intellectual and psychological bond that con-
tinued throughout Delbriick's career. Bohr's suggestion that the complementarity
principle in quantum physics, which imposed a finite limit on the measurement
process of atomic phenomena, had a counterpart on the atomic level in biology
became the main impetus for Delbriick's commitment to biology.38

According to the strictures imposed by the complementarity principle in biology,
one could never hope to attain a complete atomic account of an organism, no
matter how simple, as such investigations would necessarily interfere with the
structural properties of life. Within the world view of the new quantum physics,
where an observer's experimental tools became an integral part of the observed
phenomenon, physicochemical manipulations were seen as distorting forces.
Just as with inanimate matter, when probing the molecular constituents of animate
matter Delbriick intended to use mainly the tools of theoretical physics, or math-
ematics.39

In 1932, upon terminating his studies with Bohr, Delbriick chose a position at
the Kaiser Wilhelm Institute for Chemistry in Berlin. While working on the problem
of nuclear fission with Lise Meitner and Otto Hahn, Delbriick intended to find a
suitable research project at the neighboring Kaiser Wilhelm Institute for Biology.
Within a few months Delbriick became part of a lively genetics group headed by
N. W. Timofeeff-Ressovsky. In part due to H. J. Muller's influence, the team had
been investigating gene structure by inducing mutations in Drosophila with x-rays.
In fact, in 1932 H. J. Muller was a Guggenheim fellow in Timofeeff s laboratory.40

The gene problem was considered then to be the cutting edge of life science.
Delbriick was intrigued at first by the challenge of explaining the interaction of
ionizing radiation with reproducing matter, and he applied theories of quantum
mechanics to genetics enthusiastically. His mathematical skills, command of phys-
ics, and theoretical interpretations of the problems were applauded by the biology
group. By 1936, when invited to apply for a Rockefeller fellowship, Delbriick had
shown great promise through his work in radiation genetics and stood out as a
potential leader in the new molecular biology program. He had organized seminars
at the Kaiser Wilhelm Institute on the relations between quantum physics and
genetics and had led group meetings of biologists, chemists, and physicists. His
joint publication with physical chemist K. G. Zimmer and Timofeeff-Ressovsky in
1935 "On the Nature of Gene Mutation and Gene Structure"—his debut in bi-
ology—was well received by physicists and geneticists and became a basis for a
1936 interdisciplinary conference in Copenhagen organized by Bohr and supported
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by the Rockefeller Foundation. The paper, according to Delbriick, also reached
Morgan's group at Caltech. Although they found the mathematical language in-
comprehensible, they were nevertheless intrigued by the new approach. His first
task at Caltech would be to give a seminar explaining his paper.41

Drosophila research and the radiation genetics project posed obstacles to Del-
briick's mission. Although his entry into biology at the Kaiser Wilhelm Institute
was facilitated by finding a research program that capitalized on his skills as phy-
sicist, his deeper epistemic motivation had not been fulfilled. He did not merely
wish to convert a question in biology to a physics problem. Delbriick detested
biophysics and biochemistry. He disapproved of the reductionist research programs
of Hermann von Helmholtz and Jacques Loeb, which extended the old mechanistic
physics to complex life phenomena. His quantum analysis sought to avoid me-
chanistic models, and for that he required the simplest system, the purest case of
replication as a counterpart of the hydrogen atom in biology. From Delbriick's
philosophical and methodological perspective, Drosophila was too complex an
organism and radiation too disruptive a probe for studying replication in its natural
state.42

Delbriick also found the technical vocabulary of Drosophila genetics too cum-
bersome for the elegance of his mathematical models. In 1937, after spending a
couple of months visiting America's major genetics centers, he could not identify
a single project compatible with his objectives. At Caltech, Sturtevant and Bridges
introduced him to the Drosophila literature and to recent findings in genetics.
Accustomed to the abstractions of mathematical language, though, Delbriick pored
disconsolately over scores of forbidding papers containing long and detailed gen-
otypic maps. Failing to grasp the material, he was overwhelmed by the complexities
of even the relatively well-defined Drosophila system.43

He seemed to have had some novel ideas in the back of his mind. By the time
of his arrival at Caltech, Delbriick, like most life scientists, had been captivated
by the 1935 crystallization of the tobacco mosaic virus by Wendell M. Stanley of
the Rockefeller Institute. By converting an organism, a reproducing and mutating
entity, into inert crystals, Stanley seemed to have scored a victory for the proponents
of the physicochemical view of life. Equally important, these self-replicating viral
proteins were believed to be essentially autocatalytic enzymes. Stanley seemed to
have confirmed the autocatalytic theory of life and to support the view that viruses,
or "naked genes" as Muller called them, were nothing but giant protein molecules.
As Weaver heralded in his 1939 review:

One of the most interesting aspects of protein research, and one which has only
recently emerged, is the indication that these huge molecules exhibit phenomena
that we ordinarily consider possible only to living organisms. Thus viruses "re-
produce" when in a suitable environment; and yet the brilliant researches of W.
M. Stanley and others have shown that certain viruses which show this property
so characteristic of life are nothing more than huge protein molecules.44

For many life scientists this viral portrait reduced genetics to the study of protein
chemistry.
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Initially, Delbriick too responded to Stanley's research with great enthusiasm.
In his unpublished essay "Preliminary Exposition on the Topic 'Riddle of Life,'"
written shortly before leaving Germany, Delbriick mused about a new genetics
based on viruses. He envisioned viruses as giant living molecules that lent them-
selves to studies of growth and reproduction in the most simplified form and without
the complexities of Mendelian recombinations. A short visit to Princeton, however,
dampened his premature enthusiasm. The conceptual simplicity of viruses con-
trasted with the sophisticated and invasive technology required for their analysis,
and the life cycle of these giant molecules was complicated by the life cycle of their
host. The tobacco mosaic virus was not the minimalist system he sought for his
mathematical mill.45

Nevertheless, Delbriick had been irreversibly captivated by the framework that
equated life with reproduction and reproduction with molecularity. He came to
Caltech predisposed to virus research. When he found out that he had missed a
seminar on bacteriophage while on a camping trip with plant physiologist Fritz
Went, he immediately went to talk with the speaker, Emory Ellis, at Borsook's
department. Ellis, whose work on phage had sprung from his interest in tumor
growth, had just developed an infectivity assay for phage. Delbriick remembered
being impressed with the austerity and effectiveness of Ellis's laboratory arrange-
ments. With only rudimentary knowledge of microbiology and with primitive equip-
ment consisting of an autoclave, a few dozen pipettes, flasks, petri dishes, and
some agar, Ellis had managed to set up an impressive experimental system and
was generating intriguing results: discrete visible plaques formed within 20 minutes
of lysis (the bursting open of a bacterium).46 "I was absolutely overwhelmed that
there were such very simple procedures with which you could visualize particles,"
recalled Delbriick. "I mean, you could put them on a plate with a lawn of bacteria,
and the next morning every virus particle would have eaten a macroscopic one-
millimeter hole in the lawn. You could hold up the plate and count the plaques.
This seemed to me just beyond my wildest dreams of doing simple experiments on
something like atoms in biology."47

That analogy of phage to "atoms in biology" corresponded closely to Delbriick's
goal of finding a simple and efficient model of replication requiring little physi-
cochemical intervention and amenable to numerical analysis. He conceptualized
the riddle of life (replicating phage) within the black box of the cell (host bacterium).
The box did not need to be pried open in order to study replication; biochemistry
was irrelevant to his epistemological program. He would vary strictly controlled
initial and boundary conditions, such as dilutions, temperatures, and phage strains.
The relations between the input (infecting phage) and the output (newly replicated
phage) could then be expressed as mathematical equations, revealing by inference
the hidden mechanisms of replication. What were the variations in time for different
replication cycles, or variations in burst sizes? At which part of the cycle did new
phage appear? It was these elementary questions that Delbriick hoped to answer
during the few months remaining of his Rockefeller fellowship. Given its technical
and conceptual simplicity, phage appeared to be an amusingly simple project, "a
fine playground for serious children who ask ambitious questions."48
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Despite the influence of Bohr's philosophy of biology on Delbruck and his deep
appreciation for life phenomena and their complexities, Delbruck did not anticipate
the scope of the work required to answer his deceptively simple questions: growing
cultures, preparing stocks, collating microscopic observations from thousands of
petri dishes, and tabulating endless columns of plaque counts. It took months just
to establish a rigorous plaque assay and, with the aid of refined mathematical
analysis, to redetermine and reinterpret the phage growth curve. The change in
the traditional characterization of that curve from a continuous S-shape to a dis-
continuous one-step growth curve would form the first step in a series of studies
challenging the bacteriophage literature of the 1920s and 1930s, especially the work
of J. H. Northrop and his explanations of bacteriophage action in terms of enzyme
autocatalysis.49

The experimental precision and clarity of interpretation of Delbriick's work won
him Morgan's admiration. Impressed with the physicomathematical approach to
biology—though he could only vaguely follow the arguments—Morgan presented
an enthusiastic account to the Rockefeller Foundation recommending the extension
of Delbriick's fellowship, pointing out that "it is not often that a competent physicist
is interested in applying his knowledge of physics to problems in biology." Morgan
was not merely invoking the appropriate rhetoric for Rockefeller support; he em-
phasized Delbriick's unusual gift for biological thinking, describing him as "one of
the few men we have known who is a mathematician and to whom we can go with
our biological problems and find that he has a real understanding of what we are
trying to say."50

Morgan, however, could not create a new position in the division and reluctantly
had to recommend Delbruck to Vanderbilt University. After two years at Caltech
as a Rockefeller fellow, Delbruck moved to Nashville, where the Rockefeller Foun-
dation arranged for an appointment in Vanderbilt's physics department. These
brief two years at Caltech were of immense importance for Delbriick's career and
for the molecular biology program. The handful of papers on absorption, growth,
and lysis of phage established phage as a powerful model for gene replication and
demonstrated the potential effectiveness of mathematical reasoning as an analytical
tool in the new genetics.51 Just as Beadle forged permanent links between genetics
and biochemistry, Delbruck established ties between genetics and physics; and as
with Beadle, Delbriick's own blend of cooperative individualism would prove cru-
cial to the building of a research school, an ethos A. A. Noyes had promoted from
the start. Six years later, Delbriick's dual citizenship in physics and biology and
his leadership skills would be prime factors in his return to Caltech as professor of
biology.

Nascent Trends: Toward Giant Protein Molecules

Delbriick's phage project signaled changing directions in genetics. By 1940, at
the end of Morgan's tenure, the new physicochemical genetics had evolved a long
way from Morgan's original conception, increasingly focusing on viruses, anti-
bodies, and proteins. His 1932 projections of future directions in gene research,
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the 1933 Nobel Prize address on the relation of genetics to physiology and medicine,
and his 1933 appeal to the Rockefeller Foundation made no mention of immunology
or virus research. These areas, which had little in common with genetics, were
traditionally associated with the study of disease, a connection that Morgan had
sought to avoid. Unexpectedly, however, virus research and immunology became
Morgan's research priorities by 1940. Impressed, the Rockefeller Foundation of-
ficers noted that "if he [Morgan] had the power to do it (which he does not) he
would turn the entire biology group on to immunity and virus work as a new field
where the most important advances could be made."52

This rather sudden shift of priorities reflected some of the important discoveries
and technological innovations of the 1930s. These developments, which would shape
the mainstream of molecular biology research during the following two decades,
were based, and in turn focused attention, on the primacy of proteins in repro-
duction, growth, and physiological regulation. The so-called giant protein mole-
cules, especially viruses, became targets for researches that aimed to unravel the
biological specificities involved in self-replication or autocatalysis. The synthesis of
antibodies promised to explain heterocatalysis, the process by which a protein
specified the formation of another (different) protein. The capabilities and knowl-
edge generated during the 1930s by the new technologies of protein chemistry,
especially the analytical ultracentrifuge and the Tiselius electrophoresis apparatus,
had direct impact on the study of viruses and antibodies and, in turn, on the research
plans in molecular genetics.

In 1930, when Morgan first mapped out his new program, researchers—mainly
bacteriologists—studied viruses largely in relation to pathology. Hundreds of dis-
eases of man, animals, and plants were known by then to be caused by viruses.
Many of these viruses, which could pass through bacteria-retaining filters, had been
identified and characterized based on size; the shape of some viruses was inferred
from experiments with flow birefringence apparatus. Viruses, however, being of
the same order of magnitude as genes, were inaccessible through ordinary methods
of cell culture and, like genes, escaped the best of microscopes. No virus had ever
been isolated in pure form. After crystallization of the tobacco mosaic virus in 1935
(and, soon after, other plant viruses), virus research was driven and shaped by the
new powerful technologies.53

These new technologies also played a crucial role in immunology. Immunology
work during the early 1930s, still tied to medical research, was increasingly becom-
ing quantitative and physicochemical. By then, Paul Ehrlich's side-chain theory of
antibody formation had been effectively challenged by the experiments of the
Austrian physician Karl Landsteiner, strongly suggesting that antibodies were pro-
teinaceous immunoglobulins, newly formed in response to antigens. Ehrlich's "lock-
and-key" model, which explained various processes of agglutination (clumping) in
terms of interlocking covalent bonds, was still the dominant metaphor in immu-
nology (a metaphor coined by Emil Fischer). Later studies in the physical chemistry
of solutions and the emphasis on the role of weak physical forces eventually dis-
placed Ehrlich's conception. The properties and mode of action of antibodies en-
tered the domain of biophysics and physical biochemistry.54
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The tenuous ties between immunology and genetics were strengthened during
the 1930s. As early as 1910 Landsteiner, discoverer of the four blood groups, had
shown that a mix of some blood types—a combination of different human sera or
sera of different species—produced agglutination. The degree of agglutination, in
turn, became an indicator of differentiation between biological types. Landsteiner
also established some of the earliest links between immunology and genetics by
showing that blood types were inherited according to simple Mendelian rules. By
1930 his work at the Rockefeller Institute, buttressed by serological research in
other centers, had demonstrated that other factors (antigens) in erythrocytes and
in sera were genetically determined.55

Serological studies thus became increasingly important tools in genetics during
the 1930s. The degrees of agglutination were being interpreted by mapping bio-
logical relations between animals, by studying the identity or difference in oxy-
hemoglobins of various species, by defining gene-linked antigens of avian and
mammalian red blood cells, and by studying animal systematics. By the mid-1930s
there was little doubt that antibodies were sensitive indicators of physiological
variance and of differences in genotypes.56 Not surprisingly, these probes of ser-
ological genetics held out a new promise for eugenics. The refined techniques could
now be exploited for pinning down heritable "markers" in the blood—the iden-
tification of antigens linked to genes responsible for mental defects.

Since around 1910, the strategies for segregating and sterilizing the feeble-minded
were flawed by the problem of partial dominance, by genes responsible for mental
defects being hidden in normal carriers. Reproductive restrictions on the mentally
deficient phenotypes would thus work slowly. With the availability of serological
tests, however, some geneticists during the 1930s hoped that the recessive genes
causing mental defects in their homozygous state could be detected directly. Perhaps
even in the absence of direct serological effects closely linked genes on the same
chromosomes would reveal genetic divergence. Such studies—in Denmark, Ger-
many, and the United States—promised to circumvent the limitations of mental
tests and bring higher levels of rigor, detail, and resolution to genetic testing.57

Immunology also seemed to provide new tools for embryology. Preliminary studies
by Albert Tyler at Caltech in 1939 demonstrated similarities between the agglutin-
ation that occurred during fertilization and the immunological process of phago-
cytosis, suggesting relations of biological specificity.58 These cognitive potentials
held out promises of a reliable social technology.

These developments in immunology and virology, and their extension in sero-
logical genetics, co-evolved with innovations in laboratory technology. Until the
late 1930s, when the ultracentrifuge and electrophoresis apparatus became available
to leading American researchers, antibodies and viruses were not amenable to
physicochemical analyses. The analytical ultracentrifuge, a sophisticated instrument
that could sort and weigh macromolecules as large as viruses and antibodies, arrived
in the United States in 1937. This molecular balance was crucial to the character-
ization of many viruses—their size and shape—and an essential tool for deter-
mining the molecular weight and shape of antibodies. The actual isolation of these
globulins took place in 1937, when Arne Tiselius built his powerful electrophoresis
apparatus in Uppsala. In fact, his first paper, announcing the apparatus, also re-
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ported the isolation of alpha-, beta-, and gamma-globulins from blood serum. The
Tiselius, as it was called, became a principal tool for studying the physical properties
of proteins in solution. Electrophoresis technology complemented ultracentrifugal
analyses, and in some ways it was even more effective for the gentle separation of
labile proteins.59

During the years 1937-1940 papers on antibodies, enzymes, and viruses cascaded
from well-endowed laboratories that possessed these expensive technologies. The
Rockefeller Institute was at the vanguard of these developments; and Linus Pauling,
who had been in close contact with members of the Rockefeller Institute, was well
aware of these innovations. His interest in protein chemistry, which began with
the study of hemoglobin during the mid-1930s, soon extended to research in im-
munochemistry. By the late 1930s the chemistry division under Pauling would
construct an ultracentrifuge and by 1941 a Tiselius electrophoresis apparatus.

Pauling's collaborations with members of the Rockefeller Institute and his in-
volvement in immunology had a decisive influence on Morgan's group and on the
direction of the molecular biology program at Caltech. The strong intellectual
emphasis on immunochemistry in the chemistry division shaped the research di-
rections at the biology division toward serological genetics and chemical embryol-
ogy. From an institutional standpoint, the new trends at the biology division were
a reflection of the massive support by the Rockefeller Foundation for the chemistry
division during the 1930s and of Pauling's increasing preoccupation with the protein
problem.
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CHAPTER 5

Convergence of Goals:
From Physical Chemistry to

Bio-Organic Chemistry, 1930-1940

Gates Chemical Laboratory, 1930

When Mason approved the first Rockefeller grant to T. H. Morgan in 1930, it
was agreed that the cooperative attack on vital processes was predicated on the
development of chemistry; the thriving chemistry division would have to expand
even further to include bioorganic research. During the 15 years of Arthur Amos
Noyes's leadership of chemical research at Caltech, the Gates Chemical Laboratory
had attained international acclaim. It was "the most forward looking Department
of Chemistry with respect to physical chemistry in the world," according to Linus
Pauling.1 As early as 1922, when he first arrived in Caltech from Oregon Agri-
cultural College, Pauling was struck by the progressive chemistry program at the
Gates Laboratory. There was little formal instruction; instead, European-style
seminars emphasized new topics on the borderland between physics and chemistry:
chemical thermodynamics, relativistic thermodynamics, quantum theory, and math-
ematical physics.

In addition to being recognized for its emphasis on physical chemistry, Noyes's
specialty, by the mid-1920s Caltech had acquired a reputation for being the main
American center for work with x-ray crystallography. That program too was mas-
terminded by Noyes. Having arranged for a generous grant from the Carnegie
Institution, in 1916 Noyes employed C. L. Burdick (trained by W. H. Bragg) to
build Caltech's first spectrometer, "probably the best spectrometer of its day."2

When Linus Pauling embarked on x-ray diffraction studies in 1922, new photo-
graphic methods and sophisticated techniques of data analysis at Caltech had yielded
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the first structural interpretation of an organic molecule, followed within a few
years by crystal structure determinations of several inorganic compounds.3

Noyes's vision was not limited to physical and structural chemistry; he encour-
aged other lines of research in borderland chemistry. Thus when local physician
Bernhardt Smith proposed in 1922 to commit his personal funds to develop an
improved process for insulin synthesis at the Gates Laboratory, Noyes seized the
opportunity. He wrote to Hale about the new prospects.

A rather unusual opportunity has offered itself to make a start in biomedical
research; and it seems to me it was worthwhile to improve this opportunity because
the problem was readily one of transcendent human significance to which we
might reasonably hope to make a useful contribution, and because it would
probably make much easier future development in these directions. Thus this
might be true if we can show Prichette and perhaps the Rockefeller people that
we are already doing effective work in a small way in this field.4

The insulin venture turned out to be an institutional success, generating in turn
several schemes for a large-scale development of biomedical research at Caltech.
Sizable grants from the Carnegie Corporation enabled Noyes to follow up on his
scheme and bring John J. Abel from Johns Hopkins in 1925 to coordinate the work
on insulin, hoping that Abel's position would eventually develop into a permanent
program.5

Although the original plan did not materialize and Abel did not remain at
Caltech, Noyes's strategy had other dividends. When Mason, then President of the
Rockefeller Foundation and director of the Natural Sciences Division, approved
$4 million in 1930 to Caltech's natural sciences curriculum, with $1.14 million
earmarked for biology, he could point to the early interest in insulin research, the
enthusiastic local support for biology, and Caltech's cooperative spirit. A program
in bioorganic chemistry in Noyes's department, complementing the work in biology
in Morgan's division, would be cultivated on fertile grounds.6

Rockefeller Foundation officers noted that the chemistry division had a re-
markable record. By 1931 ten full-time faculty members and their assistants and
students had produced 269 research papers. The Carnegie Institution had supported
20 research projects in physical chemistry and between 1924 and 1930 had provided
funds for at least seven projects during each academic year. Sixteen National
Research fellows in chemistry chose to go to Pasadena during the 1920s, a total
exceeded only by established centers such as Harvard and the University of Cali-
fornia. It was clear that distinguished faculty members such as A. A. Noyes, Richard
C. Tolman, Roscoe Dickinson (the division's first Ph.D.), and Linus Pauling were
attracting bright young chemists to Caltech. Since 1915 the two chemistry rooms
in the General Science building had grown into the Gates Laboratory, which had
filled to capacity by 1931. Despite its budget having almost tripled, Noyes com-
plained that there was "literally no space for another research man" and that "the
funds available have made it increasingly difficult to provide adequately for the
salaries of the research men and for the instruments required in their investiga-
tion."7 Like Harry Chandler's designs for Los Angeles expansion, Caltech's "think
big" plans entailed constant upward revision.
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If one had to single out the primary reason for the division's remarkable growth,
it would surely be the leadership of A. A. Noyes, his academic insights, admin-
istrative policies, and his central position in America's science and business elite.
Although not a brilliant researcher, Noyes was an inspiring leader and teacher,
possessing deep understanding of critical problems in chemistry and a sense for the
fruitful directions to be taken. Deliberately charting a course that would distinguish
the Gates Laboratory from other chemistry centers, Noyes in effect established a
new research school. By all accounts, there was no other place in America where
one could investigate the constitution of matter by combining traditional physical
chemistry, the principles of quantum physics, with the powerful methods of x-ray
diffraction; Caltech alone owned that field. Strong cooperative ties with the physics
division and a close relationship between Noyes and Millikan strengthened the
borderland program in physical and structural chemistry.8

This feature, of course, was not unique to the Gates Laboratory. It exemplified
Caltech's "cooperation spirit," mirroring its institutional structure. The German
model of an institute centered around a powerful personality—a model that guided
science departments in older American universities—was incompatible with Cal-
tech's cooperative ideal. Like Millikan and Hale, Noyes advocated a decentralized
but coordinated multiteam research enterprise based on the modern business cor-
poration. Acting as a corporate executive, Noyes delegated the administrative
responsibilities and running of the projects to the staff; a management team set
policy and directed resources, and a standing committee had purchasing authority,
planned undergraduate curricula, and guided graduate students. Noyes promoted
the cooperative effort; he had

very little sympathy with extreme individualism in scientific research, especially
in educational institutions, for although individualists have made some of the
important contributions to science, they commonly fail to create a spirit of research
in their institutions, to develop a school of students who will follow in their
footsteps, and to secure cooperative efforts in research by which in the long run
the largest results are attained.9

As chief executive, Noyes of course insisted that the general line of research would
be subject to his approval, but he was definitely an "institution man" guided by
the principles of corporate liberalism.

Noyes's influential position within the establishment network of business and
science was crucial to the growth of the division. A former president of the American
Chemical Society and member of the National Academy of Sciences and the Na-
tional Research Council, Noyes had powerful friends on the East and West Coasts—
corporate leaders, industrial magnates, financiers, politicians, academic adminis-
trators, directors of foundations—who shared his ideology and visions of Caltech's
destiny. John C. Merriam, Noyes's colleague on the Research Council and after
1920 president of the Carnegie Institution, and Max Mason are just two examples
of Noyes's primary links with the foundations.10 Through California associates
Henry Robinson, Henry O'Melveny, and Herbert Hoover, Noyes's influence ex-
tended to the spheres of business and politics. By 1930 both foundations and the
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Research Council were closely intertwined with Caltech, which in turn was en-
meshed in California's industrial sector.

Success had its side effects, however. The rapid growth of the Gates Laboratory
generated its own problems. Noyes's complaint of overcrowding and inadequate
facilities reflected a tension in the division between the push to expand and the
pull to contain. Mirroring the conflicts within the region, the Institute was caught
between its own Dionysian forces exerting their will to dominate, while the Apol-
lonian spirit yearned for an intimate community of scholars.

Noyes's pursuit of power was somewhat paradoxical. Despite his political stature,
he was a rather shy and retiring man. Unmarried, with no family of his own, Noyes,
who lived only a block away from the laboratory, was deeply involved in the
activities of Caltech; its community was his surrogate family. He was a strong man,
who in his quiet manner worked hard behind the scenes to see his ideas implemented
by the Institute's administrators. According to Pauling, although Millikan was
Caltech's great public figure, it was Noyes who was largely responsible for the
policies announced by Millikan, policies such as the stress on pure rather than
applied research and especially the emphasis on a limited-enrollment policy.11

Noyes's check on academic growth was designed to avoid mass education, gen-
erate close contacts between faculty and graduate students, and foster the coop-
erative spirit. Throughout the 1920s, Noyes cultivated at Caltech a tradition of
inviting new graduate students in chemistry to join him on camping trips to the
desert or to stay at his beach house at Corona Del Mar (where Morgan set up his
marine laboratory during the early 1930s). Evenings by the campfire, Noyes would
recite poetry and inspire discussion on diverse topics, including chemistry. The
swelling population of the division endangered these activities, threatening the
intimacy that had permitted informal administration and casual collaborations.
Above all, expansion could weaken the interaction between faculty and students
and interfere with the nurturing of novices to scientific maturity. These close en-
counters and outings were in part intended to help size up new students and single
out talent. As a new graduate student, Pauling participated in several such camping
trips and was quickly selected by Noyes to be groomed for leadership.12

Pauling's background (born 1901) fit well with Caltech's community. Raised in
the remoteness of Condon, Oregon and the son of the town's pharmacist, Pauling's
milieu embodied the Rooseveltian myth: rugged "God-fearing" folk taming the
austere wilderness of the Pacific Northwest with self-mastery, work ethic, and
prayer. In most respects Pauling's nativist roots were congruous with those of the
leaders of American science, especially Warren Weaver. Like Weaver, Pauling's
early years were shaped by the ambience of a Protestant village and by an involve-
ment in his father's chemical business; but unlike Weaver, religious worship played
an insignificant role in Pauling's adult life, though the work ethic remained. He
excelled in chemistry throughout his school years, and his enrollment in 1917 in
Oregon Agricultural College reflected his commitment to some kind of career in
chemistry; a couple of years later this commitment meant graduate school. Berke-
ley's chemistry department, headed by G. N. Lewis, was Pauling's first choice, but
their delayed response tilted the balance in favor of his second choice, Caltech.13
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The young man from Oregon soon became Noyes's favorite pupil. During the
years he spent under Noyes's tutelage, he never failed to dazzle his mentor and
colleagues with his phenomenal memory and intellectual originality, especially in
chemistry. Pauling was so imbued with the physical aspects of chemistry that he
first considered specializing in atomic physics. As was customary at Caltech, Mil-
likan and Noyes saw to it that promising students received fellowships and grants
to train in top European laboratories. Pauling was encouraged to go to Europe as
a National Research Fellow and a Guggenheim Fellow. He studied in Munich
(1925-1926) with the leading theoretical physicist Arnold Summerfeld, continuing
his training in atomic physics and quantum mechanics the following year with Erwin
Schrodinger in Zurich and with Niels Bohr in Copenhagen.14

Combining the pull toward atomic physics with a fascination with physical chem-
istry and the structure of compounds, Pauling integrated the two fields to form
one of the most important scientific theories, linking atomic structure with chemical
properties. His great work, "The Nature of the Chemical Bond" (1931), succeeded
in explicating the forces operating between atoms and molecules in terms of the
principles of quantum mechanics. That work, together with Pauling's papers on
crystal structure and quantum physics, numbering nearly 50 by 1931, began to
revolutionize concepts of chemical structure and molecular architecture.15 Hailed
as a prodigy of American science, Pauling at the age of 30 was inundated with
honors and professional acclaim, becoming an associate editor of the Journal of
the American Chemical Society in 1930. He was offered lucrative professorships by
MIT, the University of Michigan, and Harvard, all of which he declined in order
to assume a full professorship at Caltech in 1931. That same year, Irving C. Lang-
muir's brother established the Langmuir Prize in Chemistry. Awarding the first
prize to Pauling, Langmuir predicted that the young star at the threshold of his
career might yet win the Nobel Prize. A proud Noyes announced that Pauling was
"the most promising young man with whom I have ever come in contact in my
many years in teaching."16 There was little doubt that in due course Pauling would
become Noyes's successor. Here too, however, a conflict was brewing. Although
Pauling could lead and inspire, the young maverick was also a strong individualist.
His powerful personality was better suited for leadership of a German-style institute
than an academic corporation, and in practice his personal ambitions would tend
to rise above the cooperative ideal.

Vital Processes: Pauling and Weaver

Having established himself by 1931 as a first-rate theoretical chemist, Pauling,
now heading a large research team, had the luxury of indulging various intellectual
curiosities and diversifying his research interests. With the arrival of T. H. Morgan
and the biology team in 1928 Pauling began to take an interest in genetics and
occasionally participated in the Tuesday afternoon biology seminars.17 Although
no collaborative projects between the Gates and Kerckhoff Laboratories developed
during the 1930s, at least the implicit encouragement of cooperation removed
obstacles for interdisciplinary dialogue for the adventurous few. For example, even
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though biochemist Henry Borsook did not get along or collaborate with Pauling,
he reminisced nostalgically about the early days when Caltech was still small and
intellectually cohesive. In those days, Borsook recalled, the conversations around
the long table in the dining hall and the casual social gatherings kept faculty broadly
informed about the researches in the Institute.18

It may have been Borsook's studies in biochemistry or Noyes's early interest in
developing bioorganic chemistry that motivated Pauling to begin investigating or-
ganic molecules. It might have been just a reasonable progression—from the simple
to the complex—to extend the studies of chemical bonding and molecular structure
from simple inorganic compounds to the more challenging organic substances.
Certainly Mason's plans for a psychobiology program and the presence of Morgan's
team played a pivotal role in shaping Pauling's new interest. At any event, in 1932
Pauling began applying the concept of molecular resonance to account for the
variations in interatomic distances in organic compounds by investigating the ther-
modynamics and bond configurations of urea, oxamide, oxamic acid, and carboxylic
acids. Within two years, Pauling and his collaborators demonstrated the existence
of a resonance structure in the amide group (the basic molecular configuration of
amino acids), a crucial clue for elucidating the secondary structure of proteins. A
few years later (1938) Pauling and his new collaborator, Robert Corey, would
mount a precision attack on the atomic architecture of proteins.19

Pauling began expanding the scope of his research just as the Rockefeller Foun-
dation converged toward a definite policy, when Warren Weaver was summoned
by his mentor and Foundation president Max Mason to join the Rockefeller staff.
Soon after assuming the directorship of the natural sciences division in February
1932, as part of a comprehensive orientation for launching the new biology program
Weaver traveled extensively throughout Europe and the United States. Familiar-
izing himself with research centers where borderland biology had already made a
start and where there existed a framework for cooperation, Weaver carved new
territory and cultivated old grounds. Morgan's division of physicochemical biology
was by then designated as ideal for Weaver's cooperative program. After learning
from Morgan at Woods Hole in September 1933 about the crisis generated by the
Kerckhoff endowment, and that the biology division had been hard-hit by the
Depression and needed emergency funds, Weaver planned an October trip to
Pasadena.20

Both for Weaver and his hosts the visit to Caltech meant more than an item on
a business agenda. Having spent three happy years (1917-1920) as a member of
Caltech's physics faculty, Weaver retained his respect and sentiments for Noyes,
Millikan, and the Institute that had offered him his first academic post. Because
of his fondness for Weaver, Millikan had encouraged him to return to Caltech.
Never officially accepting Weaver's resignation, Millikan had hoped that Weaver
would "continue to be a professor of the California Institute of Technology, on
leave until your return."21 Although Weaver did not return as a physics professor,
he returned as a philanthropic agent and was now in a position to express his
appreciation to his senior colleagues at Caltech.

The visit, Weaver's first since leaving Caltech, comprised a lavish display of
mutual enthusiasm. Weaver was especially impressed with Pauling and his 20-
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member group, which, according to Weaver, essentially formed an institute of
theoretical chemistry in the European sense. Although not quite in keeping with
the group spirit Noyes would have preferred to project, Pauling's dominance was
nevertheless perceived as an asset. "P. has a speculative mind of the first order,"
wrote Weaver in his report, "great analytical ability, and the genius to keep in
close and inspiring touch with experimental work . . . nearly universally rated the
leading theoretical chemist in the world."22 His observations were amply reinforced
by Caltech's own boosters.

Noyes, a bit apologetic for his excessive pride and promotion of his department,
hoped that Weaver would not think it was the "normal California enthusiasm when
he [Noyes] said that, were all the rest of the Chemistry Dept. wiped away except
P., it would still be one of the most important departments of chemistry in the
world."23 Although leadership abilities and organizational skills were not explicitly
mentioned, it was clear from the size of Pauling's team and from its intellectual
vigor that the young chemist was seasoned in the ways of politicoscientific man-
agement—the kind of man the Rockefeller Foundation liked to court. Weaver
encouraged Pauling to direct his theoretical methods and technical skills toward
biological research.

Pauling in turn was well prepared for Weaver's visit. Anticipating the new
opportunities for his research, he submitted to Weaver a detailed report on the
chemistry work supported by the Rockefeller Foundation. He described the new
methods of x-ray and electron diffraction and their importance for researches of
organic substances, "with the hope that ultimately an attack can be made in this
way on the purpurins, chlorophyll, hemoglobin, and other substances of biological
importance."24 A formal application for a three-year grant, $10,000 per year, in
conjunction with Morgan's proposal for physiological genetics and neurophysiology
followed shortly.

Back in New York at a December conference, Weaver and his staff assessed
Caltech's chemistry program. "So fundamental is the nature of the problems under
investigation by Professor Pauling," they concluded, "that they necessarily underlie
in a most significant manner the vital processes which constitute the present major
interest of the Natural Sciences."25 According to Mason, "C.I.T-Research in Chem.
[was] at the center of the program of study of vital processes as furnishing aid in
the sciences underlying human behavior."26 For the present the Foundation would
act conservatively, obligating itself for one year only, until Pauling had demon-
strated his commitment to the Rockefeller program. Recommending an appropri-
ation of $10,000 for the academic year 1934-1935 (Morgan received $50,000), Weaver
stressed to Pauling that favorable consideration of the chemistry application de-
pended on the fact that the work had developed to the point where it promised
application to substances of biological importance.27

Pauling wasted no time. He mounted an immediate attack on the structural
features of hemoglobin. With 1020 hemoglobin molecules circulating in the blood
he considered it to be the most ubiquitous and important substance. As if guided
by the Aristotelian association of blood with human qualities, he broached the
study of human molecular structure with hemoglobin research. He began by sur-
veying earlier work on the biochemistry of porphyrins to which he intended to
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apply his methods of theoretical and structural chemistry. Eight months later, in
time to apply for a grant renewal, he reported to Weaver that preliminary progress
had been thoroughly satisfactory. Through the use of electron diffraction tech-
niques, Pauling and his assistants found that incorrect formulas had been assigned
to some of these substances by all previous investigators, and that a newly discov-
ered x-ray method promised a powerful means of attack on the structure of the
iron environment of the heme group. He was planning an intensive attack on the
hemoglobin problem and was contemplating applying for a larger grant—perhaps
for three years—so the essential basic research on simpler substances, which had
spawned the new techniques, might continue. The Foundation, however, preferred
a limited commitment for an additional year and decided to forego the support of
inorganic research.28

Self-assured and impatient, Pauling did not tolerate rejections. Extracting a
commitment from Millikan and the trustees to partially support the research in
inorganic chemistry, Pauling used the promise as a vote of confidence. He dis-
patched two letters simultaneously, one to the Rockefeller Foundation and one to
Weaver, informing them of the Institute's support. Despite the Foundation's judg-
ment to the contrary, he did apply for a three-year grant (1935-1938), forcefully
contesting the limited renewal. "The hemoglobin problem is a very difficult one,"
Pauling wrote to Weaver, "and I consider it unlikely that we can obtain results
providing a real test of our methods in one year. On the other hand, I am confident
that within three years we could obtain very valuable information regarding the
structure of the hemoglobin substances, the nature of the bond to globin, the process
of addition of oxygen, etc. "29 He emphasized to the Foundation Millikan's readiness
to match their grant (on a 50 percent basis) by supporting Pauling's basic research
in inorganic chemistry during the three-year period.30 A month later Pauling's grant
was renewed for three years at the requested $10,000 per year, thus providing his
program with long-range stability in terms of staff, resources, and choice of scientific
problems.

By April 1935, when he visited Weaver in New York, Pauling had submitted
his first paper on hemoglobin to the Proceedings of the National Academy of
Sciences. His premature conclusion on the structure of hemoglobin was wrong, as
later studies by Max F. Perutz would show, but at least he mastered the hemoglobin
literature, which he believed had been inadequately utilized. He spent part of the
summer at the marine station at Corona Del Mar working on the hemocyanin of
the keyhole limpet, developing sensitive magnetic methods for determining free
oxygen. A similar method of determining the magnetic moment for hemoglobin—
based on the iron content—supplied information on the nature of the chemical
bond in the heme molecule.31

Here Pauling and his collaborators were remarkably effective. Using their new
magnetometer, they established that the dark venous blood (unoxygenated) was
attracted to a magnet, whereas the bright arterial blood (oxygenated) was repelled.
This clue to the electronic structure of iron and its relation to the heme molecule
would prove crucial for his landmark studies of sickle cell anemia a decade and a
half later. Furthermore, the hemoglobin work had two immediate consequences:
Pauling became involved in the problem of the structure of proteins; and through
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his association with the Rockefeller Institute, especially Karl Landsteiner, he be-
came interested in the problem of immunology—the structure of antibodies and
the nature of serological reactions.32

Alfred E. Mirsky of the Rockefeller Institute, one of the world's leading protein
chemists, came to collaborate with Pauling during the following academic year
1935-1936. Having made the important discovery several years earlier that de-
naturation of proteins such as trypsin and hemoglobin could be reversed, Mirsky
was now interested in explaining the physicochemical and physiological mechanisms
of protein denaturation. The collaboration resulted in a seminal publication, "On
the Structure of Native, Denatured and Coagulated Proteins" (1936), in which they
presented a general theory of protein structure. For the first time hydrogen bonds—
weak but flexible connections between molecules—were assigned a major phys-
iological role. They postulated that a polypeptide chain was coiled in a specific
configuration in the native molecule, stabilized mostly by hydrogen bonds between
one part of the chain and another; denaturation, then, implied a loss of such
configuration to a more random form. In suggesting that hydrogen bonds deter-
mined the three-dimensional configuration of proteins—and thus their biological
specificity—Pauling and Mirsky enunciated a fundamental relation between mo-
lecular structure and biological function. It was also one of the cornerstones of

Figure 9 Dr. Harrison
Davies of Pauling's group
measuring the magnetic
susceptibility of a hemo-
globin solution. Courtesy of
the Rockefeller Archive
Center.



152 MOLECULAR VISION OF LIFE

Pauling's conception of molecular architecture, a metaphor and method for ex-
plaining life in health and disease, which would lend legitimacy to the molecular
biology enterprise.33

Having proved its effectiveness in the borderland between physical chemistry
and biology, and with the concurrent development of Morgan's division, the chem-
istry division was now in a favorable position to execute Noyes's original plan of
building a laboratory of bioorganic chemistry. During Weaver's visit to Caltech in
March 1936 Noyes, feeble and riddled with illness, expressed his concern at a
conference held in Millikan's office to see his plans realized—to build, equip, and
staff as soon as possible the connecting link between the existing chemistry building
and the biology laboratory.34

Pauling, conscious of his brilliance and reputation, was well aware that his recent
accomplishments in hemoglobin research constituted a primary justification for the
proposed center of bioorganic chemistry. He was thus in a position to make demands
and apply strong pressure on Caltech and the Foundation. According to Weaver,
Pauling implied that he would leave Caltech unless the Foundation furnished him
with able colleagues in organic chemistry so he could develop his new research
properly. To speed up the process of building the center, Noyes informed Weaver
that he had already persuaded Edward Crellin, a retired steel magnate in Pasadena,
to make available in 1936 a fund of $350,000 for constructing and equipping the
new chemistry laboratory. With that decisive move, Weaver, heavily committed
to the expansion, stated that "It was my own idea, before receiving Noyes's letter,
that the development could and should be considerably more pretentious than he
indicates."35 Noyes's mission was now completed. He died in June 1936. "He was
of rare mould; a civilized man in a world whose soul is still largely barbaric,"
eulogized Noyes's friend and successor at MIT. "The ancestry of A. A. Noyes was
unexcelled. Pioneer stock of English origin, there has been no breed more versatile,
more adherent to the tenets of common sense," he noted, lamenting the passing
of an exemplar of the great race.35

With Noyes's death, the conflicts in the chemistry division, which had been
brewing over recent years, bubbled to the surface. Apparently Pauling had always
thought that his mentor was too institutionally minded, always willing to sacrifice
the interest of the department for broader institutional goals. Although Pauling
appreciated the importance of such an attitude, he also thought that each special
branch of science in the Institute should have its own champion and guardian.
According to Weaver's impression during his visit to Caltech the following January
(1937), Pauling's aggressive politics and pursuit of power had generated resentments
in some circles, giving him "with Millikan and others, the reputation of being
something of a young dictator because he has tried to force M. to be very explicit
about his promises for support of chemistry."37 Millikan did not like explicit or
written agreements; he always preferred implicit understandings, an informal
administration by gentlemen's agreement. Moreover, the Caltech community did
not prize noncooperative individuals.

The rest of the chemistry groups, Weaver was told, thought that Pauling was
excessively aggressive. During the last year or two of Noyes's life, when his physical
and mental energies were low, Pauling worried and pestered Noyes in what they
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thought to be an unwarranted and even unforgivable way, trying to force him into
an "intolerable activity of leadership for chemistry." Some of the group members
went so far as to believe that Pauling's attitude made Noyes's last years definitely
unhappy, if it did not hasten his death. In fact, when arrangements were made for
Noyes's funeral, the list of honorary pallbearers included the entire Executive
Council and every member of the chemistry division except Pauling.38

This episode precipitated a bitter confrontation between Pauling and Millikan,
accentuating an already strained relationship between the two men. When the
control of the chemistry division was vested in a divisional council including Pauling,
and the council in turn offered him the council's chairmanship, Pauling refused
because the offer did not include the title "Director of Laboratory" and it explicitly
stated that the council and not the chairman would control the division. Weaver
openly and amiably discussed the whole matter with Pauling and later with Max
Mason, now a member of Caltech's Executive Council. Weaver told Pauling that
Millikan was shocked by Pauling's curt and impudent letter of refusal of what was
generally viewed as a great honor for a young man.39

Pauling, however, was not impressed with mere honorific titles. He did not
approve of what he considered to be an inefficient mode of running a division by
committee and was not willing to accept responsibility for the growth and devel-
opment of the division unless he were given the authority that should accompany
it.40 Pauling's demand was met. He was appointed "Director of the Gates Labo-
ratory and Chairman of the Division of Chemistry and Chemical Engineering," a
title commensurate with his authority. In 1937, with the Crellin building under
construction, Pauling was also appointed director of the new laboratory; his new-
born son was named Edward Crellin.

Crellin Laboratory: Nascent Trends

The development of bioorganic chemistry at Caltech was indeed considerably
more expansive than Noyes had envisioned. After an informal agreement had been
reached, Millikan submitted to the Rockefeller Foundation a grant application for
$300,000. A $50,000 portion would be used at a rate of $10,000 per year for
Morgan's biology program—biochemistry, biophysics, and physiology—and $250,000
for the work in bioorganic and structural chemistry over a period of five to seven
years. The construction of the Crellin Laboratory was nearly completed; and if the
application were approved, as expected, the program would be launched July 1,
1938.41

As the program's chief architect at Caltech, Pauling envisioned a grand research
center, with state-of-the-art technologies elucidating the molecular processes of
life. Three prestigious appointments were planned, including that of the English
biochemist Alexander R. Todd of the Lister Institute, now spending six months at
Caltech as visiting lecturer; but he would decline the offer at the last minute. Protein
chemist Carl Niemann of the Rockefeller Institute was to take up residence July
1938, to be joined shortly after by Edwin R. Buchman, a specialist in vitamin
syntheses. A protege of Karl Link at the University of Wisconsin, and having
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Figure 10 Crellin Laboratory of Chemistry. Courtesy of the Rockefeller Archive
Center.

established his scientific reputation at the Laboratory of Max Bergmann, Niemann
came highly recommended by Weaver as one of the most promising organic chemists
in America. At least three additional appointments were planned on the level of
associate and assistant professors, supplemented by postdoctoral positions and
research fellowships. Several "human computers," specialists in Fourier analysis
of x-ray diffraction patterns, would be employed for carrying out the laborious
calculations, a task that two decades later would be performed electronically within
hours.42

The organic chemists occupied the second and third floors of the Crellin Lab-
oratory and the auxiliary rooms on the roof, their modern chemical benches equipped
with vacuum suctions, ventilated hoods, and electrical outlets. Pauling also re-
quested from the Rockefeller Foundation funds for specialized apparatus and sup-
plies for organic analyses and syntheses: analytical and microbalances, apparatus
for catalytic high-pressure reduction, table-top centrifuges, pH meters, electro-
metric titration instruments, and gas analyses apparatus. These instruments appear
rudimentary when considered in light of present-day chemical armamentaria, but
they represented the technical excellence of the times; pH meters, for example,
were first commercially produced during the early 1930s.43 In fact, Associate Pro-
fessor of Chemistry Arnold O. Beckman, a Caltech graduate specializing in the
design of physicochemical apparatus, had just then marketed his new sensitive pH
meter. Founder of Beckman Instruments (1935), a company that by the 1950s
would become a leading manufacturer of biochemical apparatus, Beckman played
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a central advisory role in the technological planning of the Crellin Laboratory. He
has remained associated with Caltech as a permanent liaison between the realm of
scientific imagination and world of the instrument shop.44

Pauling's wish-list included also a wide array of expensive optical equipment for
chemical analyses: microscopes and accessories, precision polarimeters for mea-
suring optical rotation by isomers of plane-polarized light, refractometers for de-
termining substance density, a microphotometer, and a spectrophotometer.45 The
spectrophotometer, a complex and expensive apparatus for determining the nature
of substances through analyses of their absorption spectra, was Beckman's area of
expertise. A decade later, the Beckman DU spectrophotometer would become a
landmark in his company's ascendancy to biotechnological superiority.

The details of the research in organic chemistry in the new laboratory were still
somewhat unclear, depending on final academic appointments. There was an ex-
treme shortage in America of able organic chemists, especially those interested in
biological problems, Pauling pointed out. He used this point to promote the Crellin
enterprise as a vehicle for building organic chemistry in the United States. Should
Todd accept Caltech's offer, his group would continue the investigations on the
structure of vitamins, hormones, and other natural products of plants and micro-
organisms, work that would complement Buchman's organic research on vitamins.
Niemann's appointment was certain, and thus an extensive attack was planned on
the central protein problem, separating polypeptides, and developing new methods
for ordering amino acid residues.46

The bioorganic approach to protein chemistry would be complemented by an
attack from the physical-structural side, led by Pauling and his group. Situated
close to the organic chemists, the physical chemists occupied the first floor, base-
ment, and subbasement of the Crellin building, which housed the sophisticated
apparatus of photochemistry, magnetochemistry, spectroscopy, and x-ray and elec-
tron diffraction. New methods of attack on organic molecules were in progress.
One of Pauling's associates had just developed a powerful spectroscopic technique
of infrared photography for determining the presence of NH-O hydrogen bonds;
when quantitatively and qualitatively refined, it could reveal the hydrogen bonds
in different proteins. Pauling was planning to use this method, he reported to
Weaver, to distinguish between conventional polypeptide structure and the cyclol
structure proposed by Dorothy Wrinch. Her cyclol hypothesis, postulating that
proteins were constructed from hexagonal rings, was coming under attack from
several quarters, even including Bergmann and Niemann. With Niemann's aid,
Pauling planned to strike a fatal blow to the cyclol theory, an attack that eventually
would end Wrinch's career.47

The Crellin Laboratory, a physical link between Caltech's biologists and chem-
ists, epitomized the Rockefeller Foundation's program, by now renamed molecular
biology. Even though there had been little collaboration between the two groups
(plant physiologist Fritz W. Went briefly collaborated with two chemists on the
structure of plant hormones) Pauling boasted about a cohesive cooperative attack.
"The presence at the Institute of such leaders in the field of genetics as Professors
T. H. Morgan and A. H. Sturtevant and Dr. C. B. Bridges," he wrote to Weaver,
"makes obvious the appropriateness of a chemical attack on the structure of chro-
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mosomes."48 By this statement, of course, Pauling meant that the methods of
protein chemistry would be applied to explicate the properties of the protein gene.

Millikan too stressed in his report to Weaver the cooperative nature of the
venture: "[O]ur bio-organic development spills over into the biological department
quite as much as into the chemical in that the Kerckhoff building, having a floor
space of 48,000 square feet, which we have been designating as for physiology, is
in a very real sense, however, part of the bio-organic development."49 That report,
with its clear programmatic statements accompanying a comprehensive review of
Caltech's growth in the natural sciences over a decade and a half, had been actually
solicited by Weaver. Having come under attack from Herbert S. Gasser (Foun-
dation Trustee and President of the Rockefeller Institute) for an excessive financial
commitment to a single "project," Weaver too needed to persuade the holders of
the purse strings of the viability of the new venture.50

The Foundation's support and confidence were amply acknowledged by Cal-
tech's leadership. At the dedication of the Crellin Laboratory on May 16, 1938,
Millikan singled out the long-term commitment of the Rockefeller Foundation
"which has watched so carefully over this young and vigorously growing institution,
and has offered to help it substantially at a number of critical junctures. Indeed,
its total contributions to the development of the Institute, without including its
support of the 200-inch telescope project, have now amounted all told to about $4
million."51 The synergy between intellectual capital and economic resources but-
tressed the technocratic vision of progress. With the Foundation's support and the
generous help of prominent Pasadena families, Millikan predicted that the Institute
could "scarcely fail to win the race for human betterment" through chemical and
biochemical advances.

The term "human betterment" must be viewed within a politics of meaning with
its own historicity. "The race for human betterment" had a specific linguistic mean-
ing during the 1930s, grounded in eugenic discourse. As the New York Times
announced, the Rockefeller gift to Caltech was aimed at "the biological improve-
ment of the race." For Caltech's community, including members of the Human
Betterment Foundation, the physicochemical attack on vital processes was part of
the same mission that guided the eugenic sterilization campaign, then at its height
in California. Although there is no written record that during the 1930s Pauling
was directly motivated by the social goals of the Rockefeller Foundation's agenda
"Science of Man" or by the eugenic campaign of the Human Betterment Foun-
dation, his interests in human applications of biochemical research are documented.
From the 1940s on his medical interests and growing politicization engaged him in
problems of human behavior and a commitment to the genetic purification of the
germ plasm.52

At the center of Pauling's program was the problem of protein structure in
relation to diverse vital processes, ranging from gene replication to the oxygenation
of hemoglobin. Even though bioorganic chemists in the new laboratory would study
several physiologically active substances manufactured in the body or ingested in
foodstuffs, the proteins, with their thousands or tens of thousands of atoms, were
the single most urgent problem, Pauling stressed. He predicted that the crucial
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steps toward the solution of that great problem would occur during the next 10
years.

There were two possible modes of attack on the protein problem. The first, the
British crystallographers' approach, was direct x-ray analysis of an intact crystalline
protein. The second method was an indirect approach, a model-building method
based on an exact knowledge of the structures of a protein's constituent amino
acids and small peptides. The second method attempted to first build up the protein
and then check the structure by x-ray methods. J. D. Bernal remembered "very
well discussing the problem with Pauling just before the war. He [Pauling] was in
favor of the second method, which I thought indirect and liable to take a very long
time."53 Discounting the war years 1940-1945, during which time chemists accom-
plished little work on protein structure, Pauling's estimate of 10 years was accurate.
By 1951 Pauling and Robert Corey would work out the helical structure of the
protein alpha-keratin.

Corey's move to Caltech in 1937 was a fortuitous turn of events for Pauling's
protein project. Corey had worked for 10 years with Ralph W. G. Wyckoff at the
Rockefeller Institute on the physical chemistry of proteins, but he lost his post
when the latter left. Perhaps because of Wyckoff s ties to Caltech, having spent
the years 1920-1922 there as Visiting Research Associate, Corey decided to work
in Pasadena during the last year of his Rockefeller appointment. During a single
year, using his own x-ray equipment, Corey made great strides into the protein
puzzle. He showed that in the crystalline dipeptide diketopiperazine (a simplified
analogue of amino acids), the amide bonds were coplanar, strongly suggesting the

Figure 11 Caltech's x-ray diffraction apparatus for studying the crystal structure
of amino acids and peptides, ca. 1939. Courtesy of the Rockefeller Archive Center.
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presence of a resonance structure—observations that fit precisely with Pauling's
studies of the amide bond in urea during the early 1930s.54

Pauling communicated to Weaver, by now his confidant and adviser, his pro-
found respect for Corey's accomplishments. Even though there were no plans for
additional positions, Pauling thought that appointing Corey as a senior research
fellow would be a great asset to the new chemistry program, despite Corey's lim-
itations. Badly crippled by infantile paralysis, he was unlikely ever to attain a higher
academic rank. Weaver's recommendation to retain Corey stood Pauling in good
stead. Within a year (1939) Corey and his collaborators worked out the principal
features of the structure of the first and simplest amino acid glycine.55

In 1939 Pauling also requested from the Foundation a substantial increase in
that year's budget to build a chemistry instrument shop: bench lathe, milling ma-
chine, and other smaller equipment. Up until 1938, x-ray and other physicochemical
apparatus had been built in the astrophysics shop, but the backlog of astrophysical
apparatus impeded the rate of construction of the x-ray apparatus. The new x-ray
spectrograph and the electron diffraction apparatus with their specialized photo-
graphic gear would be coupled to an electrical Fourier synthesizer, permitting two-
dimensional Fourier calculations to be made in less than a week. With Weaver's
approval, a fully equipped chemistry shop was set up, substantially accelerating
the x-ray program. By 1940 Corey and his collaborators had tackled several amino
acids and peptides, and published a structure of DL-alanine.56

While Corey's group focused on the problem of protein structure with x-ray
techniques, Pauling, in collaboration with Niemann, consummated their plan—the

Figure 12 V. Schomaker and D. P. Stevenson studying the structure of gas
molecules with the electron diffraction apparatus at Crellin Laboratory, ca. 1939.
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final blow to Wrinch's cyclol theory, published in their 1939 paper "The Structure
of Proteins."57 Although bearing a broad and general title, the paper was a specific
and unambiguous attack on Wrinch's theory. "It is our opinion," they opened their
attack,

that the polypeptide chain structure of proteins, with hydrogen bonds and other
interatomic forces (weaker than those corresponding to covalent bond formation)
acting between polypeptide chains, part of chains, and side-chains, is compatible
not only with the chemical and physical properties of proteins but also with the
detailed information about molecular structure in general which has been provided
by the experimental and theoretical researches of the last decade. . . . It has been
recognized by workers in the field of modern structural chemistry that the lack
of conformity of the cyclol structures with the rules found to hold for simple
molecules makes it very improbable that any protein molecules contain structural
elements of the cyclol type.58

A heap of refutations cascaded behind this opening statement: x-ray results
regarding protein structure that derived from the works of British crystallographers,
recent determination in Pauling's laboratory of the N-H . . . O bond angles, and
thermochemical data regarding protein structure. Pauling concluded that the great
energetic disadvantage of cage structures relative to polypeptide chains makes the
cyclol structure highly unlikely.

Figure 13 Carl Niemann at
work, 1939. Courtesy of the
Rockefeller Archive Center.
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It was ironic that in this paper Niemann contributed to the eventual refutation
of the work he had performed with Max Bergmann only three years earlier, research
that had brought him scientific visibility and his appointment at Caltech. Although
Bergmann and Niemann had opposed Wrinch's methods and personal style, their
results lent support to her theory, which defined cyclol as consisting of 288 amino
acid residues. Their own experiments—postulating that a protein was composed
of series of multiples of 288 amino acid residues—turned out to be flawed because
of samples of questionable homogeneity and faulty analytical methods.59 The paper
"The Structure of Proteins" did not attack the Bergmann-Niemann theory directly.
Rather, it showed only that Wrinch's cyclol did not agree with the Bergmann-
Niemann multiple rule. By integrating Corey's recent results from the studies of
peptides and amino acids with Pauling's own calculations of bond angles and ener-
gies in amides, together with objections advanced by other crystallographers, the
paper sowed the seeds of destruction of Niemann's prior accomplishments. The
same techniques of x-ray diffraction, coupled with chromatographic methods of
ordering amino acids, would establish a decade later that a pattern of 288 amino
acid multiples did not exist.

Their strategy worked. The paper was an overnight success. Pauling and Nie-
mann received numerous requests for reprints and congratulatory letters on the
timeliness and rigor of the paper. Indeed, "The De-bunking of Wrinch" by Pauling
and Niemann, as A. R. Todd referred to it, became biochemistry's cause celebre,
adding yet another trophy to Pauling's expanding scientific kingdom. Pauling's
pleasure over the outcome of the controversy radiated from his report to Weaver,
but Weaver's sober response suggested that such polemics were unnecessary, even
inappropriate. He thought that it would be unfortunate to be drawn into a scientific
controversy in which the emphasis fell upon the controversy rather than upon the
sciences. "[Njothing ever spoke so convincingly as a quiet presentation of facts,"
Weaver pointed out in his understated manner. Both Weaver and Pauling agreed,
however, that the debate had served a useful purpose by focusing a great deal of
attention on the fundamental problem of protein structure.60

This assessment may be true if human factors are ignored. Although Niemann's
career within Pauling's powerful sphere of influence suffered little damage as a
result of the refutation of his earlier work, Wrinch paid a high price. Largely due
to Pauling's personal efforts and his vociferous campaign, not only her project but
even the soundness of her judgment were categorically discredited, leading to the
demise of her career. As it turned out, Wrinch was not entirely wrong. In 1951 a
cyclol structure was discovered in a class of primitive proteins (ergot alkaloids),
demonstrating that Wrinch's cage structure, though uncommon, was at least ther-
modynamically viable. Pauling's chain theory of proteins won out, but Wrinch's
judgment proved to be sound.61 Science does not proceed merely by sober intel-
lectual negotiation; it is a socially charged process with high professional stakes.

By mid-1939 the Crellin Laboratory, in conjunction with the expanded Kerckhoff
Laboratory, represented, at least on paper, a comprehensive joint effort in chem-
istry and biology. Lumping together all those scientists supported by the Rockefeller
Foundation whose research interests apparently matched the aims of its new pro-
gram in physicochemical biology—faculty, staff, fellows, graduate students—Weaver
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prepared a report for the Foundation. Lest any doubt linger regarding the merit
of the Caltech project, he pointed with pride to the group working on problems
that involved the application of chemistry to biology; they represented training or
research experience obtained in 38 institutions including 15 foreign universities:
elite American institutions such as MIT, Columbia, Harvard, Princeton, Johns
Hopkins, Yale, and Cornell, as well as such European centers as Berlin, Gottingen,
Oxford, Cambridge, Paris, Zurich, Utrecht, and Uppsala. Some scientists had also
worked at the Rockefeller Institute, the U.S. Department of Agriculture, and the
Food and Drug Administration. "This widely trained and broadly experienced
group constitutes an impressive proof, I would say, of the fact that this development
at the California Institute is already well underway."62

Just at that time the war broke out. Neither Pauling nor most biochemists in
America or Europe could devote time to basic research during the war years.
However, the fundamental knowledge accrued during the 1930s formed a frame-
work within which researchers could apply the rudimentary knowledge of protein
structure to new practical problems relevant to the war effort. Pauling's interest in
biologically active substances brought him face to face with one of the most chal-
lenging problems in physiology: the genesis and structure of antibodies. He began
applying theories of protein structure and intermolecular forces to immunology.
Much of this research, some of which was considered controversial even at the
time, was later discredited. Throughout the 1940s, however, immunochemistry in
alliance with serological genetics formed a central project within the molecular
biology program at the Crellin and Kerckhoff Laboratories. Although many other
research projects were curtailed during the war, the work on antibodies and ser-
ological genetics flourished because of its medical significance for the war effort.
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CHAPTER 6

Spoils of War: Immunochemistry
and Serological Genetics,

1940-1945

Terra Incognita: Shift to Immunology

Immunology was traditionally tied to medical research and clinical practice.
Medically trained immunologists shared little common scientific vocabulary with
geneticists or with researchers in the botanical and zoological traditions. Intellectual
links between the sciences of immunity and heredity were weak during the early
1930s. Immunology therefore had not been an active interest of the Rockefeller
Foundation's natural sciences division, nor did it seem to have a useful function
within the medically divorced biology program at Caltech. Thus when Pauling and
Sturtevant submitted an application to the Rockefeller Foundation in 1940 for
support of immunology—immunochemistry and serological genetics—their plans
represented a surprising departure from the molecular biology program as initially
formulated at the Rockefeller Foundation and at Caltech. From 1940 until the mid-
1950s, immunology (the biology and chemistry of antibodies) became a common
research area for the chemistry and biology divisions. Though consistently omitted
from the historical constructions of both immunology and molecular biology, this
program in immunochemistry and serological genetics comprised a principal chapter
in the study of the biological and chemical specificities of the "giant protein
molecules," a key project within the cognitive structure of the molecular biology
program.

From an institutional standpoint as well, immunology was of critical importance,
benefiting Caltech immensely during the war years. Because of potential practical
applications, research projects in immunology not only received lavish support from
the Rockefeller Foundation but were sponsored by the federal government's Com-
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mittee on Medical Research (CMR) of the Office of Scientific Research and De-
velopment (OSRD) as essential to the war effort. Ultimately, Sturtevant's "new"
serological genetics and Pauling's "revolutionary" work in immunochemistry did
not fulfill their promise to shed light on questions of heredity and growth. During
and after the war, however, the research on the structure and biological action of
antibodies provided continuity, prestige, and resources to Caltech's molecular
biology program.

Pauling's ideas about the structural basis of biological specificity, which underlay
the work in immunology, developed during the years 1936 to 1939 while working
on hemoglobin.1 His ideas on molecular interactions of proteins were an extension
of the collaboration with A. E. Mirsky of the Rockefeller Institute, who had spent
the academic year 1935-1936 at Caltech. Their joint project, a study of the struc-
tural differences between native, denatured, and coagulated proteins, had led in
1936 to a seminal publication. The authors attributed the structural and functional
differences in proteins to differences in their hydrogen bonds and postulated that
these weak bonds defined the three-dimensional molecular configuration of pro-
teins, which in turn determined their biological specificities.2 Pauling's concep-
tualization of protein specificity in terms of spatial folding—regardless of the or-
dering of its constituent amino acids—became the basis for his program in
immunochemistry; the Rockefeller Institute was his social link to medical research.

According to Pauling, in May 1936, after he had given a seminar on hemoglobin
at the Rockefeller Institute, Karl Landsteiner asked him to come to his laboratory
to discuss immunology. Landsteiner, seeking explanations for the mechanism of
antibody formation, challenged Pauling to account for that phenomenon in terms
of molecular structure. A novice to immunology, Pauling failed to construct an
explanation, but his curiosity was piqued. After surveying the literature and reading
Landsteiner's new book, The Specificity of Serological Reactions, he attended to
the problem seriously. During the fall of 1937, when serving as a guest lecturer at
Cornell, Pauling frequently met with Landsteiner to discuss problems in immunology.3

The problem of antibody formation had occupied physiologists, bacteriologists,
and physicians since World War I and was a topic of much debate during the 1930s.
Until 1917 immunology had been firmly grounded in Paul Ehrlich's (1897) theories
of antigen-antibody reaction. Ehrlich had defined an antibody as a discrete preex-
isting molecular entity, originating as a side chain or receptor on the cell surface.
Accordingly, the antibody, by possessing a discrete chemical configuration, deter-
mined its specific interaction with a complementary configuration on the antigen
molecule. Drawing on the analogous process of enzyme-substrate interaction, Ehr-
lich had postulated the presence of functional domains in both antigen and antibody.
These chemical domains in turn allowed specific chemical interactions to take place
through the formation of what he believed to be irreversible covalent bonds, the
two fitting together like a "lock and key," a metaphor coined by Emil Fischer.
Ehrlich's concept of antibody-antigen interaction was well grounded in the organic
chemistry of the day.4
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Although specific aspects of Ehrlich's explanation of the antibody-antigen re-
action had been challenged by various researchers, the idea of preexisting antibody
molecules covalently bonded to antigens was generally favored until the second
decade of the century, when physical chemistry had gained wide acceptance. By
the early 1930s, the application of physicomathematical methods of physical chem-
istry to immunology led to several influential studies, notably those of J. R. Marrack
in England and M. Heidelberger at Columbia University (formerly at the Rocke-
feller Institute). These researches strongly suggested that weak physical interactions
such as Van der Waals forces and ionic attractions, not covalent bonds, effected
the combination of antigens with antibodies in various proportions, permitting the
formation of a "lattice," or framework.5

The greatest challenge to Ehrlich's theories, however, arose from Landsteiner's
landmark studies on the nature of serological reactions. Beginning in 1917, Land-
steiner and his collaborators at the Rockefeller Institute prepared several artificially
conjugated antigens by coupling simple inorganic compounds (called haptens) to
protein carriers and injecting these artificial antigens into animals. Under normal
physiological conditions the organism could have never encountered these synthetic
molecules. Yet, as Landsteiner showed, the animals' antisera contained antibodies
against these synthetic antigens. Clearly, so it seemed, the specific antibodies to these
nonphysiological substances could not have preexisted in the cell surface, as Ehrlich
had postulated. Instead, there had to be a chemical mechanism for the de novo
synthesis of antibodies, a direct response to an injected antigen. It was that phys-
icochemical mechanism that Landsteiner sought to explain when he approached
Pauling.6 Landsteiner's work on conjugated haptens and Heidelberger's lattice
theory supplied Pauling with a conceptual framework for his new research in im-
munochemistry. The Rockefeller Institute linked him to the medical establishment.

Given Landsteiner's authority and the weight of the experimental evidence, the
construction of a molecular mechanism for the de novo genesis of antibodies ap-
peared to be a promising project. However, Landsteiner studied antibodies in
isolation from their cellular milieu, focusing primarily on chemical mechanisms, an
approach reflecting the Institute's emphasis on the physicochemical aspects of the
life phenomena. From the start, Landsteiner's conceptualization of the problem
ignored the biological complexities inherent in the production of antibodies, ques-
tions that had occupied physicians and bacteriologists for decades. It glossed over
such unexplained phenomena as the persistence of antibody production in the
apparent absence of antigen and failed to account for an enhanced response on a
second exposure to the same antigen. No attention was given to the biological
riddle of how the organism distinguished self from nonself in terms of antigenic
response.

In addition to the investigations in immunochemistry, various researches had
emerged during the 1930s on gene-linked antigens in blood. Serological studies of
animal systematics demonstrated a direct relation between the formation of anti-
bodies and heritable genetic "markers"; serological genetics also held promise for
eugenic manipulation of heterozygous traits. The advent during the late 1930s of
the analytical ultracentrifuge and the Tiselius electrophoresis apparatus generated
new projects for research on antibodies and other giant protein molecules. A
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cooperative venture in immunology between chemistry and biology could lay the
groundwork for a major program in biomedical research at Caltech funded by the
Rockefeller Foundation. Pauling's playful curiosity and casual collaboration mush-
roomed into an ambitious plan.

By the end of 1938, when the Crellin Laboratory (of bioorganic chemistry)
opened—attached to the adjacent new Kerckhoff biology building—immunology
already occupied a prominent place. Carl Niemann, who had just joined Pauling's
group, devoted the introductory essay in Caltech's bulletin to the recent advances
in immunology, pointing to the key role that serological reactions played in the
immunization process. In view of the recent trends and Niemann's promising proj-
ect, there was even discussion of bringing Landsteiner (and possibly P. A. T.
Levene) to Pasadena after his retirement at the Rockefeller Institute.7 Pauling's
enthusiasm for immunology soon spilled over to the biology group even though
they had had no prior interest in the subject. Pauling's international reputation
and his growing influence at the Rockefeller Institute and the Foundation lent
authority to the new venture, promising large grants to the biology division.

Indeed, Pauling's aggressive management and scientific territoriality went vir-
tually unchallenged by the floundering division of biology. By 1940 the most pro-
ductive and dynamic researchers in genetics were gone. Calvin Bridges had died
in 1938 of a heart attack, Jack Schultz had left for Philadelphia, and Theodosius
Dobzhansky, after 11 years punctuated by feuds with Sturtevant, had accepted an
offer from Columbia University. Rockefeller Fellow Max Delbriick defaulted to a
physics position at Vanderbilt University. According to Morgan, Caltech's biology
division had no resources for creating a new position for this researcher who had
started the new field of virus genetics and who had been the primary liaison between
the biological and physical sciences at Caltech. Pauling, who generally did not show
high regard for the biology division, singled out Delbriick as the one person who
could grasp the problems in biology with the tools of mathematical physics. In fact,
a paper published jointly by Pauling and Delbriick in 1940 was one of a handful
of collaborative publications between the biology and chemistry divisions produced
over two decades.8

The loss of George Beadle to Stanford dealt a major blow to the biology division.
After spending five years (1931-1936) at Caltech, Beadle had broad research ex-
perience in the classical genetics of corn and Drosophila and since 1935 had been
exploring the links between mutations and biochemical pathways. Beadle was an
exemplary product of Caltech's program. His cooperative style, wide network of
institutional connections, and effective management of research projects exempli-
fied Caltech's ideal of scientific leadership. Having been groomed as successor to
Morgan, an all-out effort was made in 1940 to lure Beadle to Caltech. "As you
probably have heard," Morgan explained to Beadle, "Dobzhansky has accepted a
call to Columbia and this gives us a chance to carry out a plan that we have had
in mind for some time—viz. to try to get you to come back. Sturtevant is writing
to you to use whatever persuasion is in him to welcome you to our group." The
offer consisted of a full professorship at a salary of $5000 (a competitive salary for
that rank) and technical assistance. "You can be assured," Morgan stressed, "that
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we are ready to do anything within our power to make the offer attractive. . . . I
should like to add my personal plea to you and Mrs. Beadle to come home."9

The offer did not persuade Beadle. Having gathered at Stanford a dynamic
research team including a few Caltech graduates, Beadle had just embarked on a
project of biochemical genetics of Neurospora, studies that would later win him
the Nobel Prize. In all likelihood he declined the offer for several reasons. Ac-
cording to statements made in 1945, the Caltech biology division was fragmented,
its cooperative spirit stifled by internal conflicts; and a pernicious trend toward
applied research emerged as the division increasingly assumed a service role to
California's agribusiness. Beadle was well informed about the Caltech situation
through his close contact with Sterling Emerson. Possibly the bitter feud between
Sturtevant and Dobzhansky discouraged Beadle from entering into a potential
rivalry with Sturtevant over the division's leadership.

Based on seniority, Sturtevant was rightly considered to be Morgan's successor.
He had accompanied Morgan to Caltech 12 years earlier and assisted him in building
the division. A dignified and reserved southerner, Sturtevant, though deeply in-
volved in departmental affairs, preferred the seclusion of the laboratory. He was
at a high plateau of productivity even during the 1930s. Although his scientific
conservatism did not lend itself to new ventures in physiological genetics or to
experimenting with new biological systems such as microorganisms, he did follow
closely the new developments in molecular genetics and often offered valuable
insights to others—to Beadle, Schultz, Ephrussi, and Emerson.10

Sturtevant, however, did not "think big." He had no special talent for admin-
istration, no leadership skills. His austere manner and dry personality did not readily
attract collaborators. He possessed neither Morgan's academic clout nor his political
connections, nor did he share his mentor's aspirations for building Caltech's biology
division to world prominence. More importantly, he did not know how, or perhaps
did not care, to cultivate relationships with officers and presidents of foundations
and did not seem to appreciate the complex web of corporate science. Certainly,
Sturtevant was no equal partner to a strong-willed manager such as Pauling. Yet
it was only proper that after Morgan's retirement Sturtevant should be offered the
chairmanship of the division's council, an offer Sturtevant did not wholeheartedly
desire but also did not refuse.11

With Pauling's aggressive promotion of immunology as a cooperative venture,
Sturtevant willy-nilly began exploring new research avenues by applying serological
techniques to Drosophila genetics. In 1939, under the guidance of R. C. Lancefield
of the Rockefeller Institute, Sturtevant began studying the antisera of rabbits in-
jected with various Drosophila mutants. Emerson began collaborating with Roscoe
R. Hyde of the Johns Hopkins School of Hygiene and Public Health, attempting
to raise rabbit antisera to plants carrying specific combinations of self-sterility genes.
Based on differences in the specificities of serological reaction, these sera were tested
against antisera extracts from pollen carrying the same or different allelomorphs.12

The new immunochemical methods also seduced the embryologists. Albert
Tyler, Morgan's protege, had been working at Corona Del Mar on classical prob-
lems in embryology since the 1920s: fertilization and development of marine in-
vertebrates. He now joined the new physicochemical bandwagon and began viewing
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Figure 14 Research Fellow Joseph Nye conducts experiments in clinical genetics.
Courtesy of the Rockefeller Archive Center.

the old questions of fertilization and embryonic development through the new lens
of serological reactions. Within a mere few months Tyler converted from traditional
experimental embryology to the new "chemical embryology," adopting an entirely
new scientific vocabulary. In his 1939 publication "Extraction of an Egg Membrane-
Lysine from Sperm of the Giant Keyhole Limpet," a study conducted in the tra-
ditional style, Tyler never referred to serological reactions or to agglutinations
occurring during fertilization, nor did he offer explanations in terms of antibody
reactions.13 Although two decades earlier Frank R. Lillie had called attention to
parallels between specificities of serological reactions and fertilization, the analogy
went largely unappreciated, primarily due to Jacques Loeb's mechanistic impact
on embryology. Tyler had not referred to Lillie's work earlier. In 1940, however,
Tyler's follow-up paper "Agglutination of Sea Urchin Eggs by Means of a Substance
Extracted from the Egg," prepared in consultation with Pauling, was well seasoned
with new chemical terminology and concepts from immunochemistry.14

By adopting a biochemical stand, the paper also unwittingly incorporated some
of the dominant themes of the Rockefeller Institute contingent, Pauling's primary
source of influence. Thus when explaining the agglutination process in fertilization,
Tyler, evidently swayed by Pauling's interpretations, adopted the protein paradigm
of Mirsky, Northrop, Landsteiner, and Heidelberger. Tyler concluded that the
specificities involved in the serological reactions of fertilization were analogous to
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the autocatalytic reactions of crystalline enzymes. Echoing the views of Northrop,
the leading proponent of the autocatalytic theory of replication, Tyler went on to
compare the specificities of agglutination reactions to the mechanisms of bacteri-
ophage replication. Applying Heidelberger's and Marrack's framework theory,
Tyler concluded that all cells were composed of alternate layers of substances that
were capable of reacting with one another in a serological, or chemically specific,
manner.

The products of Tyler's swift conversion were ephemeral. Under Pauling's in-
fluence, Tyler's new chemical approach was largely window dressing, borrowing
disjointed concepts that did not serve as an experimental framework. This con-
version unfortunately seemed to confirm Simon Flexner's argument that Weaver's
program might tempt scientists into areas of research mostly out of desire for grants
and that new tools do not constitute a new biology.15 The newly funded physico-
chemical embryology at Caltech combined the desire for grants with the lure of
scientific fashion; in its new chemical garb embryology fit well within the molecular
biology program.

Despite the flaws in Tyler's work, his ideas stimulated Sturtevant to explore the
chemistry of mutations in a novel way. While Tyler was constructing immuno-
chemical mechanisms of fertilization, Sturtevant and his genetics group designed
experiments in serological genetics. Tyler's interpretations, in fact, suggested to
Sturtevant parallel mechanisms for gene action. If the autocatalytic reactions of
gene replication and the heterocatalytic reactions of gene mutations involved pro-
tein specificities analogous to fertilization and serological reactions, perhaps con-
trolled serological manipulations could effect protein mutations. In his 1940 paper
"Can Specific Mutations Be Induced by Serological Methods?" Sturtevant com-
bined Tyler's findings with earlier researches in immunological genetics and protein
chemistry. According to Sturtevant, J. B. S. Haldane and M. Irwin had demon-
strated during the 1930s that there was a one-to-one correspondence between the
presence of specific single genes and their specific antigens: For instance, eryth-
rocyte antigens of birds and mammals were direct gene products. Based on Land-
steiner's work, it seemed plausible that antigens could induce the direct genesis of
antibodies and then, because of their specific chemical configuration, react serol-
ogically with those antibodies. "These considerations led to the supposition," wrote
Sturtevant, "that if a particular gene is responsible for the formation of a given
antigen, then there is a possibility that the antibodies induced by this antigen may
react with the gene. If these possibilities exist, there is a series of consequences
that are of interest to the geneticist."16 Later, with Sturtevant's influence and
Beadle's recommendation, Emerson would embark on exploring the experimental
consequences of these ideas by attempting to study antibody-induced mutations in
Neurospora.

The preliminary tries of Sturtevant, Emerson, and Tyler sufficed to impress the
officers of the Rockefeller Foundation. When the first grant application for im-
munology was submitted in 1940, the officers judged the findings to be promising.
Repeating the claims of several prominent scientists, the officers argued that the
kind of specificities studied by immunologists and geneticists were so similar that
shared materials and methods were sure to yield valuable results. Caught in the
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web of their own directive strategies and advisory network, the officers triumphantly
concluded that "it seems likely that in this field lies the best hope of attacking the
general problem of gene action."17 Morgan, cheering from the sidelines, endorsed
the new venture, a trend reinforced with a grant of $12,000 for equipment, animals,
and chemicals.

These excursions by the biology staff into the terra incognita of immunology,
however, could hardly have won the confidence and support of the Rockefeller
Foundation were it not for Pauling's intellectual clout and institutional power. In
addition to imposing his ideas on the floundering division of biology, Pauling
initiated his own venture in immunology, a program born largely out of his 1940
article, "A Theory of the Structure and Process of Formation of Antibodies," a
paper perceived by leading immunologists and chemists at the time as a classic.18

A pure thought piece, the paper integrated Landsteiner's and Heidelberger's works
with the theoretical insights of the Pauling-Delbriick article.19 Together these ideas
formed the conceptual foundation for the immunology program at Caltech, a frame-
work that would dominate research in molecular immunology for more than 15
years. The cognitive promise was amplified by potential commercial applications
(controversial to be sure), forecasting a revolution in the practice of biology and
medicine.

Pauling seemed to be fully aware of the future and immediate consequences of
the new project. A program of fundamental research in immunology would enable
Caltech to forge strong links with California's medical establishment, broadening
the service role of molecular biology and expanding its resource base in accordance
with Noyes's vision. A medical research program would also receive a priority
status during the war emergency.

Problem of Antibody Formation

The United States entered World War II in December 1941, but the preparedness
machinery had been set in motion nearly two years earlier. When the question of
science mobilization for war resurfaced during the spring of 1940, Frank Jewett,
President of the National Academy of Sciences (1939-1947), native of Pasadena
and graduate of Caltech, argued that the Academy lacked the authority and power
to mobilize science quickly and effectively. A vigorous campaign launched by
leaders of America's scientific establishment, Frank Jewett, Vannevar Bush, Karl
Compton, and James Conant led, during the summer of 1940, to an executive order
by President F. D. Roosevelt to establish a National Defense Research Committee
(NDRC). Its purpose was to contract with educational institutions, scientific or-
ganizations, individuals, and industry for the purpose of coordinating scientific
research on the problems underlying the development, production, and deployment
of war devices. A second executive order culminated the following summer in the
creation of the Office of Scientific Research and Development (OSRD) under
Bush's directorship, endowing it with resources and power beyond any previous
coalition of science, industry, and th,e military.20
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Four elite universities—MIT, Caltech, Columbia, and Harvard (in that order)—
spearheaded the war mobilization. Just as in peacetime, these institutions received
the lion's share of grants and contracts. Their leaders increasingly divided their
time between the nation's capital and their academic home constituencies, setting
a pattern for the management of postwar "big science." Caltech's leading physical
chemist R. C. Tolman, an active organizer of the NDRC, "just packed up and
moved to Washington to be at the center of things."21

In October 1940, following a meeting in Washington, DC, Pauling embarked
on several war projects that would eventually strengthen Caltech's position as a
primary research and development center of chemical warfare. It was through his
initiation into war mobilization that Pauling became aware of the strategic place
of medical research and of the potential importance of immunology in the war
effort. The Committee on Medical Research (CMR) was just assembled under the
direction of A. N. Richards, a leading pharmacologist at the University of Penn-
sylvania School of Medicine and an influential consultant for Merck and Company.
The war projects, coordinated between the government, universities, and phar-
maceutical companies, encompassed research on malaria; infectious, venereal, and
tropical diseases; convalescence; neuropsychiatry; various aspects of surgery; and
aviation medicine. Medical chemistry work focused on the biochemistry of adrenal
and cortical hormones and the production of penicillin; physiology proj ects included
nutrition, acclimatization, water sterilization, shock physiology, the development
of blood substitutes and agents for boosting resistance to disease (drugs and vac-
cines), and projects related to biological warfare. Pauling's casual excursions in
immunology turned into a vigorous war project. Timing and content constituted
in effect a protective strategy for molecular biology during a period when basic
research on proteins was in danger of displacement.22

The concept of antibody synthesis was broached as an element of a broader
theoretical problem. In July 1940 Pauling, together with Max Delbriick, published
in Science the article "The Nature of the Intermolecular Forces Operative in Bi-
ological Processes," introducing ideas that linked the process of antibody formation
to enzyme synthesis, virus replication, and gene action.23 Later Pauling would attach
a great deal of weight to the paper for its supposed prophetic insights. However,
Delbriick, for good reasons, downplayed his own role, limiting the claims of his
contribution to reading Pauling's draft and to offering criticisms. Delbriick pre-
sumably merely agreed to lend his name or, rather, his title of theoretical physicist
to the grand vision—a unified molecular theory of biology. The entire argument
of the paper was implicitly grounded in the primacy of proteins as biological de-
terminants of heredity, growth, and cellular regulation.

The mechanisms involved in protein synthesis and the three-dimensional folding
of highly complex molecules in the living cell, the authors argued, were only in
part determined by covalent bonds. A major role was played by the intermolecular
interactions of van der Waals attractions and repulsions, electrostatic interactions,
and hydrogen bond formations. These weak physical interactions were such as to
give stability to a system of two molecules with complementary structure in jux-
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taposition, rather than of two molecules with necessarily identical structures. Ac-
cordingly, the Pauling-Delbruck paper proclaimed complementarity to be the pri-
mary factor determining specific molecular attractions and guiding the enzymatic
synthesis of molecules. This structural complementarity, of course, had nothing to
do with Niels Bohr's complementarity principle, the leitmotif of Delbruck's biology
program, nor did it anticipate the 1953 discovery of complementary nitrogenous
bases in the DNA molecule. Rather, the Pauling-Delbruck argument extended Emil
Fischer's popular "lock and key" model beyond enzyme-substrate interactions.

The physical basis for such interactions was relatively simple. Attractive forces
between molecules varied inversely with a power of the distance, and maximum
stability of a complex was achieved by bringing the molecules as close together as
possible. In order to reach such optimal stability, the molecules had to possess
complementary surfaces such as die and coin. Identity and complementarity were
not mutually exclusive, however. Structurally identical surfaces could also be com-
plementary, as in the case of autocatalysis, genetic reproduction, or growth of
bacteriophage, where a protein molecule supposedly acted as a template for its
own replication. The phenomenon of antibody formation, on the other hand, ex-
emplified a case of nonidentical complementarity, where an antigen acted as a
template for synthesis of a complementary but structurally different antibody.24

The import of these ideas was stressed in Weaver's 1939 review of the Foun-
dation's protein-centered program, presumably to reinforce the value and progress
of his project. "In their simpler forms, proteins are as obviously 'dead' as any
powder which ever filled a bottle. In their most complex forms they are the chief
constituent of the pulsating protoplasm which is the very stuff of life."

Recent studies validated that image. Borrowing from Pauling's and Delbruck's
terminology, Weaver reported that the immense molecules

have only recently been shown, on theoretical grounds, to exert long-range forces
which seem of the sort necessary to explain the ability of one parent pattern of
atoms to seek out of a mixture the necessary units and charm them into arranging
themselves into duplicate offspring pattern—for it is in some such terms as these
that the molecular scientist describes the biological process of reduplication or
reproduction. On the other hand, the complexity of the protein molecule appears
to furnish, when viewed in terms of atomic forces, a sufficiently intricate, detailed
pattern to make understandable the precise specificity of protein reaction.25

The template hypothesis of antibody formation was fully articulated in October
1940 in "A Theory of the Structure and Process of Formation of Antibodies,"
published in the Journal of the American Chemical Society. Though remarkably
creative, the argument was strictly a theoretical construction, a digest of several
published researches in immunochemistry, with no new experimental procedures
or data. It was revealing of Pauling's scientific philosophy. Probably best under-
stood as Piercian pragmatism, Pauling's approach to natural phenomena cen-
tered on the premise that theories were convergent approximations, explanatory
models designed to encompass diverse scientific observations. In a rare moment
of self-reflection, Pauling described his method through a contrast with that of
Landsteiner: "I found that Landsteiner and I had a much different approach to
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science: Landsteiner would ask, 'What do these experimental observations force
us to believe about the nature of the world?' and I would ask, 'What is the most
simple, general, and intellectually satisfying picture of the world that encompasses
these observations and is not incompatible with them?' "26 This approach would
guide Pauling's model-building studies of protein structure; and this statement, in
fact, comprised nearly his exact words when he introduced the new theory of
immunochemistry.

To be sure, Pauling did not claim originality for the idea of structural com-
plementarity in antibody synthesis. He cited several biochemists, including Felix
Haurowitz, Stuart Mudd, and Jerome Alexander, all of whom had suggested var-
iants of these ideas. He also adopted Heidelberger's framework theory to arrive
at the insightful conclusion that antibody molecules were, at least, bivalent. Beyond
integrating and interpreting previous studies, Pauling's own preliminary contri-
bution to immunochemistry consisted of proposing an elegant mechanism, ac-
counting graphically in six steps for the process of antibody formation.27

Contrary to the views of several researchers, Pauling simply assumed that all
antibody molecules contained the same polypeptide chains as normal globulins.
Based on the protein-folding theory published by Pauling and Mirsky in 1936,
Pauling concluded that antibodies differed from normal globulins only in the con-
figuration of the chain, in the way the two end parts of the globulin polypeptide
chain were coiled. These small ends, as a result of their amino acid composition
and order, could assume many configurations with nearly the same stability. Under
the influence of an antigen molecule they assumed configurations complementary
to surface regions of the antigen, thus forming two active ends. The central portion
of the chain would fold up, freeing the oppositely directed ends to attach to two
antigen molecules.28

Pauling admitted that there was no direct evidence supporting his basic as-
sumptions. The assumptions, he explained, were justified because they constituted
the simplest and most reasonable mechanism that could account for diverse ex-
perimental data. His proposed mechanism claimed to explain the heterogeneity of
sera, the bivalence of antibodies and multivalence of antigens, the ontogeny of the
framework structure, the role of antigens as templates for antibodies, and the
various criteria of antigenic activity. These diverse experimental observations, how-
ever, reflected a strictly chemical view of immunology. In his attempt to reconcile
theory with accumulated knowledge, Pauling, like Landsteiner, paid no attention
to significant biological patterns: the enhanced response on second exposure, or
the persistence of antibody production in the absence of antigen. In general, he
ignored the range of interactions between antibodies, cells, and the organism.29

Beyond its theoretical promise—apparent coherence and explanatory power—
Pauling's antibody model carried revolutionary implications for physiology and
medicine, suggesting that any antibody derived from serum or globulins could be
manufactured in vitro. As Pauling explained, the globulin could be treated with
denaturing agents sufficiently strong to cause the chain ends to uncoil; the agents
then slowly removed as an antigen or hapten (synthetic antigen) was introduced
into the solution in high concentration. The chain ends of the denatured globulin
would then coil up to assume the three-dimensional configuration around the an-
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tigen by forming hydrogen bonds. These configurations, representing maximum
stability under given reaction conditions, would be complementary to the antigen
or hapten.30

The new technology must have seemed limited only by the imagination. Not
only would it enable humans and animals to ward off deadly diseases simply with
an infusion of artificial antibodies, it could endow scientists with the ability to alter
the immune system. Artificial antibodies could even supply lasting interventive
power when coupled with the projected gene manipulations effected through mu-
tations induced by antibodies, as proposed in Sturtevant's 1940 paper. Potential
products of immunological manipulations could be harnessed for applications in
germ and biological warfare. Moreover, if the procedure for the artificial production
of antibodies could be patented, a windfall of profits to Caltech and pharmaceutical
companies would render Pauling's immunochemical research one of the most sci-
entifically successful and commercially lucrative projects in history.31

The paper on antibody formation captured the scientific imagination. With sev-
eral hundred requests for reprints, Pauling estimated, the enthusiasm exceeded by
far the interest in any of his other publications. Soon after, in January 1941, Pauling
submitted a detailed proposal to the Rockefeller Foundation for support of a major
program in immunochemistry; the Foundation's support for Pauling's research by
then amounting to nearly $200,000. Confident and ambitious, Pauling applied for
a five-year grant for $100,000, an enormous investment for a new venture based
largely on one theoretical paper. In addition to several research fellows, assistants,
and at least one visiting professor, he also requested expensive equipment and
supplies, without which, he argued, the promise of the new research would not be
fulfilled.32

Researchers were handicapped by their inability to determine with sufficient
accuracy the amounts of antigen in small precipitates. With adequate financial
resources, the problem could be easily solved by utilizing the new technology of
radioisotopes, made to order in the cyclotron laboratory at Berkeley. Similarly,
the separation of various antibodies from heterogeneous sera had been a major
obstacle for decades. With the construction of a Tiselius electrophoresis apparatus
(at a cost of about $5000) the difficulty could be readily overcome. Different kinds
of antibodies complexed with charged haptens could be separated under the influ-
ence of an electrical force. These tools, Pauling pointed out, would also benefit
the biology division.33

Pauling's lavish scheme prompted a consultation during January 1941 between
the Foundation's officers and immunochemists Landsteiner and Heidelberger re-
garding the support of Pauling's proposed work. Both scientists expressed a nearly
identical opinion. Pauling, they concurred, was one of the greatest chemists in the
world and should definitely be encouraged to develop his program, provided he
collaborated with a competent immunologist. They recommended Dan Campbell
from the University of Chicago, with whom Pauling had consulted while preparing
the paper on the formation of antibodies and whom he hoped to add to the staff
of the Crellin Laboratory. Both Heidelberger and Landsteiner agreed that if Pauling
could obtain anything significant on the in vitro reproduction of artificial antibodies,
it would indeed be of revolutionary importance. As a result of the consultation,
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Weaver planned a visit to Caltech the following month for meetings and on-site
assessments.34

Landsteiner or Heidelberger may have informed Pauling about the review, or
Weaver himself could have intimated his reservations regarding the grand scope
of the new venture. Either way, a week later Pauling apologized for his excessive
demands, admitting to Weaver that he got somewhat carried away by his enthusiasm
for the new field and agreed that it would be wise to set up the project on a smaller
scale and attack the problem more slowly. Indeed, during Weaver's visit to Caltech,
the two agreed that a grant of $11,000 per year, over two or three years, would
be adequate. It would cover the salaries of new investigators, including that of
Campbell, and pay for radioisotope counters, a Tiselius apparatus, and for the
expert technical assistance around the new technologies.35

In May 1941 the Foundation appropriated $33,000 for 1941-1944 to develop
immunochemistry at Caltech under Pauling in conjunction with serological genetics

Figure 15 Dan H. Campbell and Linus Pauling, 1943. Courtesy of the Rockefeller
Archive Center.
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in the biology division, thus initiating a long-term commitment to what would turn
out to be a controversial scientific project. In justifying their support for the new
venture, the officers recounted the progress in immunology in relation to biochem-
istry and genetics, achieved, they pointed out, despite the absence of any clue into
the chemical nature of antibodies. Pauling's new theory promised to fill that gap.
"It is the opinion of several leading workers in this field that positive results in this
direction will make possible revolutionary developments in immunology."36

By coincidence of timing, British biochemist N. W. Pirie had a chance to com-
ment to Weaver on Pauling's plans in immunochemistry. Pauling's suggestions were
stimulating, indeed, Pirie thought. Though, with obvious distaste for Pauling's
flamboyance, he cautioned "that the whole situation will be excellent, just providing
Pauling does not 'Wrinch' it. That is, he hopes that Pauling will not pile hypothesis
on hypothesis, and will not insist on speaking of this hypothesis on every conceivable
occasion, but will now quietly await experimental evidence."37 These charges were
nearly the same as those Pauling had leveled against Dorothy Wrinch in 1939,
criticizing her manner of promoting the cyclol theory. Persuasion and promotion
were central to Pauling's modus operandi, however. By summer 1941, the new
program at the Institute was in full swing, and Pauling quietly applied for a patent
on the artificial manufacture of antibodies.38

Science at War

The "preparedness" agenda intensified while Pauling's immunochemistry pro-
gram gathered momentum. During the summer of 1941 Caltech escalated its military
activities, devoting a large part of its personnel and facilities to the war effort. To
the wide variety of OSRD contracts for research and development of warfare
devices the institute added a number of special instructional programs for members
of the armed forces. More than 2000 students—army meteorology cadets, navy
V-12 engineers, and aeronautics officers—enrolled in these programs between 1941
and 1946, a period of great economic boom for southern California. Aircraft and
ship-building industries mushroomed, and large military bases were established.
The unprecedented economic growth was a boon to Caltech; in partnership with
the new industries and the military, the Institute shared in the spoils of war.39

The intensification of war-related projects confronted the Rockefeller Foun-
dation with new decisions: How should Rockefeller Foundation policies be modified
in response to war exigencies? The Foundation could certainly not conduct business
as usual. If the officers continued to bring to the trustees "nothing but long-range,
'pure' research items," Weaver predicted that "the trustees will think that we are
unrealistic, impractical, and that we are living in an academic ivory tower, unaware
of what is happening to the world." On the other hand, hardliners such as Rocke-
feller trustee John Foster Dulles warned that the Foundation would not be fooled
into doing ad hoc business. Without relinquishing the normal enthusiasm for long-
range activities, Weaver's conviction "that the RF cannot possibly afford to dis-
regard some of important emergency opportunities which will appear," reflected
the Foundations's eventual course of action. The support for Ernest O. Lawrence
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for the construction of the Berkeley cyclotron and the production of fissionable
materials, represented the most significant of these opportunities.40

Special problems arose around annual appropriations on long-term grants awarded
before the war; obviously adjustments were needed in response to the shifting
priories in research. As part of a general inquiry, the Foundation thus requested
from Pauling in January 1942 information concerning the impact, or projected
impact, of the war on the program of bioorganic chemistry at Caltech, the avail-
ability of personnel or the acquisition of materials and equipment. The Foundation
stated its preference for maintaining those basic and long-range studies that could
be sustained on a high level without conflicting with the demands of defense.
However, the officers did not wish to see the quality of research compromised by
war demands or time constraints. Where and when disruption did occur, they
thought that it might prove necessary to reduce the level of support or even ter-
minate it.41 Pauling reported that the bioorganic research program had only mar-
ginally been affected by the war. The principal effect so far was an unusually large
turnover in personnel, especially in structural and physical chemistry. Although
Corey and his protein group had been assigned to war work, Pauling stated that
he did not anticipate major interruptions. The work in immunochemistry was not
affected at all, and research was progressing well.42

A month later, February 1942, Pauling announced to the Rockefeller Foundation
the sensational news: They had succeeded in making antibodies to Pneumococcus
polysaccharides in vitro for the first time in history. The excitement over the prac-
tical applications now seemed justified, and Pauling approached A. N. Richards,
hoping that CMR would accelerate and expand the immunochemistry program.
Pending review by immunology experts, Richards recommended substantial funds
for Pauling's work. Because of the exceptional nature of the research, Pauling also
convinced the Rockefeller Foundation to increase the level of support for immu-
nology in order to extend his experiments to toxins, viruses, bacteria, and other
antigens. A grant of $20,000 for the year 1942-1943 was approved immediately;
and if the promises of the new technique were borne out that year, the officers
would recommend additional support.43 The Foundation liked to point to cases
where fundamental research revolutionized medical practice.

Commercial interests soon followed. Lederle Laboratories expressed an interest
in collaborating with Pauling to develop the new research technology, a potentially
complicated situation for Rockefeller grantees. Pauling requested advice from the
Foundation, and its officers discouraged him from accepting aid from commercial
firms, explaining that such ties might later place him under unnecessary obligations.
The natural sciences division had no set policy regarding commercial exploitation
of research, but the medical sciences division was strongly opposed to patents.
Because Pauling was moving into biomedical research and the work now spilled
into medical fields, it was best, the Foundation suggested, to avoid commercial
entanglements. Pauling had to confess to having already applied for a patent a year
earlier but expressed his willingness to follow the Foundation's advice in the future
regarding involvements with commercial houses. He also cautioned that despite
the promise of medical applications, the manufacture of artificial antibodies was
still at a preliminary research stage.44
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Having secured commercial interests and Foundation support, Pauling advanced
to the next projected step: large-scale development of medical research at Caltech.
As a committee member of the Hixon Fund, he was already advancing the cause
of neurophysiology, and in December 1941 he proposed to the Institute's board of
trustees a general plan for an "extensive cooperative attack by modern physical
and chemical methods on problems of biology and medicine."45 A description of
a program of fundamental medical research followed on February 9, 1942, focusing
on problems of hypertension, enzymology, immunology, and various branches of
physiology. "I believe there is need for an Institute for Fundamental Research in
Medicine in the West, and that the best location for it is at California Institute of
Technology," Pauling argued, echoing his mentor Noyes's words. The proposed
institute would be modeled mainly after the Rockefeller Institute for Medical Re-
search, although it would be considerably smaller, entailing an endowment of $5
million to $10 million and an annual budget of $200,000 to $400,000. The endow-
ments, Pauling hoped, would come from the Southern California community, as
well as from the Rockefeller Foundation.46

In proposing the new plan, Pauling, like Noyes, intended to establish strong
formal ties with clinical medicine and regional teaching hospitals. He envisioned a
collaboration between the physics, chemistry, and biology divisions at Caltech and
the University of Southern California Medical School, Huntington Memorial Hos-
pital, Good Hope Hospital, and Los Angeles General Hospital. Senior and junior
faculty of the proposed institute would come from a handful of elite medical centers
but especially from the Rockefeller Institute, Pauling's intellectual and institutional
model.47

Despite Pauling's assurances that he did not anticipate interruptions in basic
research, the war apparently did prevent Caltech's administration from following
up on Pauling's plan. By June 1942 most of the work in the chemistry division had
some bearing on the war. Pauling was a principal investigator on 14 OSRD con-
tracts, including the project of developing blood and serum substitutes. He served
on the Committee on Medical Research, and headed several projects for NDRC,
developing rocket explosives and propellants for the Navy.48 Little time was left
for basic research; even immunology was in danger of extinction. Pauling informed
the Foundation that he was troubled by the recent War Production Board limitation
order, threatening to cut off supplies to all nonessential projects, thus hampering
the research program in immunochemistry. It was agreed that Pauling should sign
a nominal contract for $1 with Richard's committee (CMR), formally classifying
immunochemistry as a war research project. The Rockefeller Foundation would
continue to support the program, but for priority purposes it received the spon-
sorship of the CMR.4y

In March 1943 the chemistry and biology divisions presented the Rockefeller
Foundation with a glowing account of the progress in immunology and with plans
for future studies. Pauling reported on the extensive investigations carried out on
the serological properties of simple substances and on the dynamics of precipitation
reactions; new investigations on cell agglutination were on the way. The work on
artificial antibodies, described in a recent publication in the Journal of Experimental
Medicine, was proceeding vigorously, he reported. By 1943 the instrument makers
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of the chemistry shop had constructed their own Tiselius apparatus, a model su-
perior to those at Uppsala and the Rockefeller Institute.50 A sizable group attended
to the new technologies and the research problems it generated. Graduate students
in chemistry and biology were increasingly attracted to topics of immunology, an
experience, Pauling predicted, that would certainly influence their future work.51

Tyler reported that the serological study of fertilization was, with minor war-
related diversions, in good shape. Aspects of the work on serological reactions
were also relevant to the CMR project of developing blood substitutes—problems
related to serum sickness and determining the protective values of antisera. Citing
Pauling's theory of antibody formation as a conceptual framework, Tyler outlined
future investigations on auto-antibodies in cells and bacteria as an integral part of
the program of serological genetics and immunochemistry.52

Emerson, now working on Neurospora, recounted the progress on experiments
designed to test Sturtevant's hypothesis that mutations could be induced by anti-
bodies directed against gene products. By 1943 Beadle's collaboration with E. L.
Tatum at Stanford had demonstrated the genetic control of biochemical pathways
in Neurospora and the one-to-one relation between a gene and its enzymatically
regulated product. The relation between gene and enzyme was now clearer, and
the Neurospora proved to be a more efficient system than Drosophila. Proposing
Neurospora experiments in serological genetics, Emerson expected to show that

Figure 16 David Pressman (left) and Dan Campbell with the Tiselius apparatus.
Courtesy of the Rockefeller Archive Center.
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an enzyme and the particular gene protein necessary for its production were an-
tigenically related. By showing that antibodies against one produced changes in
the other, Emerson boasted a novel approach to the problem of the gene.53

The price tag on the research proposal for 1943-1944 added up to $29,000, far
beyond the scope envisioned in the initial Rockefeller grant to Sturtevant and
Pauling in 1940-1941. The officers stated with concern in May 1943 that both
Caltech and the Foundation "would be faced in a year from now with this situation,
that a large program at a $29,000 annual level would either be up for renewal or
for liquidation. We would much prefer in entering (for us) a new field, to begin
in a much more modest way."54 The reticence was reinforced by the mounting
skepticism among experts about the production of artificial antibodies.

Confessing lack of competence in immunology, the officers of the natural sci-
ences division conducted a relatively formal "peer review" of Pauling's program
and its links to serological genetics. This time the reviewers did not offer unqualified
recommendations, and their assessments of Pauling's plan to manufacture artificial
antibodies were a cause for concern. If it proved true that antibodies could be
produced in vitro, repeated Landsteiner, indeed any amount of money would not
be wasted, but he was critical of Pauling's work to date. He had tried to repeat
Pauling's experiments on a small scale, with negative results. Landsteiner's general
conclusion was that if he were a betting man he would think the chances less that
50-50 that Pauling had manufactured antibodies. He also believed that Pauling
was working on an unnecessarily broad front. If Pauling solved the central problem
of producing antibodies in vitro, it alone would suffice to open up great vistas of
research for many workers and attract financial support from diverse sources. His
private views of Pauling's work were even more damning. Evidently, Landsteiner
was furious and complained that Peyton Rous had accepted Pauling's article for
publication in the Journal of Experimental Medicine without seeking wider review.
Landsteiner, however, was most eager to have Pauling contribute the theoretical
chapter to the forthcoming edition of The Specificity of Serological Reactions and
did not want to upset the collaboration. His colleague Elvin Kabat, on the other
hand, reviewed Pauling's antibody work critically.55

Because Pauling had reported producing antibodies to Pneumococcus polysac-
charides, Oswald T. Avery of the Rockefeller Institute, an expert on type specificity
and biochemical properties of that bacterial system, was asked to comment on
Pauling's work. Avery said he was not impressed with the attempts to protect mice
with Pauling's materials. Like Landsteiner, Avery believed that the work should
be supported to the extent that was necessary to demonstrate truth or falsity,
cautioning, however, that the negative of Pauling's theory could never be proved
(that is, one could not prove that it is impossible to produce antibodies in vitro).
The Foundation officers also noted that Avery "happens to know Sturtevant, Tyler,
and the biological group for whom part of the grant would be used and thinks very
highly of this able group of geneticists working in the immunological field."56

Heidelberger, until then a strong supporter of Pauling, was now skeptical. In a
phone conversation with Foundation officer H. M. Miller, Heidelberger still thought
that Pauling's brilliant theory merited adequate support. Echoing Pirie's views,
though, Heidelberger thought that the work required a critical and skeptical frame
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of mind, and Pauling was not always critical of his own work. The validity of the
work rested on proper controls, but because Pauling had not published details of
controlled experiments no one could repeat the work. In fact, Heidelberger said,
Landsteiner, Kendall (at Goldwater Memorial Hospital), and a young man at the
Lederle Laboratories had attempted to repeat the experiments, with negative re-
sults. While approving of Tyler's serological studies, Heidelberger expressed hope
that Pauling was on the right track, though he had no evidence to support such
hopes. He considered Campbell (who had come from Chicago to work with Pauling)
"the weak spot in the situation."57 Only Campbell's Chicago mentor W. H. Tali-
aferro judged Pauling's experiments as "beautiful work" and urged the Foundation
to continue its support of the project.58

Given the reviews, the Foundation informed Pauling during the summer of 1943
that support for the following year would be reduced. In addition to the $11,000
already available under the long-term grant, they would appropriate only a limited
amount (based on Pauling's estimate) necessary to secure a swift and clear decision
on the central point of artificial antibodies. "We would do this with the hope," the
officers stated, "that another year of work might result in the publication of ex-
perimental evidence in such clear and detailed form that experts could evaluate
the results precisely, and that the technical procedures in their smallest details
should be so described that the experiments could be repeated exactly elsewhere,
should anyone desire to do so."59

The decision, the officers explained, was based on the unanimous judgment of
advisers, who concurred on the centrality of the question of artificial antibodies.
It was critical that this point be resolved unambiguously, and it should require only
a modest financial setup. Should this point be positively settled, the officers argued,
support would be forthcoming from many sources, and Pauling's program could
expand considerably without sole dependence on Foundation support. This process,
the officers pointed out, would be directly in line with the best Foundation prin-
ciples, namely, taking a gamble during the initial stages of an unusually promising
situation and developing it to the point where it commanded other forms of sup-
port.60 "Taking a gamble," of course, is a relative term. Given the modus operandi
of the Foundation, the temperament of the trustees, and their conservative man-
agement, research investments were seldom risky. The funding of projects and
individuals was based strictly on recommendations from well-established scientific
advisers. The Foundation seldom gambled; even the initial stages of new projects
were prudently assessed.61

Pauling was displeased. His rebuttal struck at the most vulnerable areas of the
Foundation's policy: support of pure versus applied science, exploitation of dis-
coveries and commercial profits, and criteria for assessing scientific merit. The
"advancement of knowledge," or the relation between fundamental research and
its applications, hung in delicate balance. The precedent set by the Laura Spelmann
Memorial, its philosophy of research as a means to an end, still informed the
Foundation's policy. The trustees monitored their investments to ensure that proj-
ects would not be determined purely by academic consideration, and officers were
under pressure to demonstrate the potential utility of knowledge. Although Weaver
constantly promoted the Foundation's commitment to fundamental research, the
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presentation of research projects at board meetings fared better if they were as-
sociated with tangible returns.62

The issue of commercial profit was ambiguous, however. Weaver's molecular
biology program was seen as a coordinated effort between the divisions of medical
sciences and social sciences. Whereas medical research lent itself to commercial
products, especially medical instruments and drugs, the products of biological re-
search were indirect and of limited commercial potential. The natural sciences
division of the Rockefeller Foundation could therefore ignore questions of profits,
except in situations when the interests of the medical and natural sciences inter-
sected, as in Pauling's immunology project.

The assessment of scientific merit was especially complicated when several dis-
ciplines converged in one project, creating tangles in the network of experts who
could review such interdisciplinary work. Weaver, a physicist with little preparation
in biology, had to rely heavily on a handful of scientific advisers, a dependence
that made him vulnerable when the advisory opinion was challenged. Recalling the
Foundation's negative reaction to potential commercial ties with Lederle Labo-
ratories, Pauling sarcastically inquired whether the Foundation had now changed
its tune when it pointed to "other sources of support" for artificial antibodies. He
reminded the officers that it was the Foundation's professed commitment to fun-
damental research and his own interest in the theoretical aspects of immunology
that had caused him to turn down the financial aid from the CMR and from
commercial houses.63

The possibility of producing artificial antibodies, as expressed in the three final
sentences of his 1940 paper, was a minor point in the immunochemistry program,
Pauling argued. The other experiments, completed and in progress, were of much
greater scientific interest because of their theoretical import. The program, Pauling
stressed, was more than merely an effort to manufacture antibodies, more than
even fundamental research in immunochemistry; it was an effort to introduce a
new point of view into immunology. Judging by the enthusiasm of the followers,
nearly 20 men, Pauling judged the program as successful.64

Pauling was indignant. He strongly disagreed with the advisers who claimed that
a study of the manufacture of artificial antibodies should require only a modest
financial setup. That might be true for big pharmaceutical houses, which were well
equipped for such work, he countered, but at Caltech it was a costly, complicated
process. Given wartime constraints on expansion and the difficulty of obtaining
assistance, and in view of the letter from the Rockefeller Foundation, he would
be willing to plan a reduced program corresponding to an added sum of $8000.
The officers approved the request, stipulating that Pauling determine as quickly
and clearly as possible whether artificial antibodies could be produced in vitro;
their displeasure was evident from the tone of their lengthy response to Pauling's
rebuttal.65

A few days later Pauling retreated. He explained that although from the point
of view of pure science the other experiments in immunochemistry were more
important, he could appreciate the significance of artificial antibodies in preven-
tion and control of disease. Seen from such a vantage point, Pauling reported his
renewed enthusiasm for the project, ranking it as the most important part of the
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Figure 17 Linus Pauling in the laboratory. Courtesy of the Rockefeller Archive
Center.

program. He conveyed disappointment with his ambiguous results, expressed con-
fidence that clear answers would be forthcoming soon, and thanked the Foundation
for its support. Whether a strategy of appeasement or an expression of sincerity, the
response was a wise move to protect his long-term relations with the Foundation.66

Several researchers tested Pauling's theory during the following year, with neg-
ative results. However, the argument that negative results did not necessarily in-
validate the theory, coupled with Pauling's clout and the importance of the project,
did not substantially reduce the support for Pauling's program. By May 1944
Rockefeller support for immunology had amounted to $78,000. Despite the failure
to produce artificial antibodies and the doubt that the failure might have cast upon
his project, Pauling impressed Millikan with his progress and prospects. He was
confident, he told the aging patriarch, that the immunochemistry program would
continue to provide first-rate contributions to pure science, as well as practical
results in medicine. Perceiving himself as the chief architect of Caltech's future in
molecular biology and the custodian of Noyes's dreams, Pauling expressed his hope
that "in the not too distant future the California Institute of Technology will extend
the field of its research activities to cover not only the fundamental sciences of
physics, chemistry, and biology, but also human physiology and subclinical medi-
cine, with special attention to the application to these of new concepts and tech-
niques in the fundamental sciences."67
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Pauling's visions of developing molecular medicine alongside molecular biology
would remain a life-long mission.

Terra Firma: 1944-1945

Pauling's stature and the Foundation's implicit confidence in his leadership served
the biology division well. Pauling told Millikan that if it were not for the war a
major joint program with biology, centered around immunology, would be devel-
oped under Pauling's leadership. Indeed, by linking their projects to Pauling's
program, the biology division under Sturtevant received Foundation support for
Tyler and Emerson throughout the war period. Though only a fraction of Pauling's
grant, the support for these projects kept biology afloat. Emerson also benefited
from another Rockefeller adviser, his friend at Stanford, G. W. Beadle. When
asked by Sturtevant to recommend Emerson's proposal (to induce mutations in
Neurospora with antibodies) to the Foundation, Beadle judged the theory to be a
reasonable one. He too pointed out that there were plenty of possibilities of ob-
taining negative results, even if the theory were right. It was somewhat of a gamble
in Beadle's opinion, but it was worth funding because if it did work it would "without
a question be a find that will open up an entirely new approach to both genetics
and immunology and accordingly should certainly be looked into."68

The molecular biology program in the biology division was now subsisting on
the intellectual energy and managerial feats of Pauling and the advisory clout of
Beadle. Beadle and his Neurospora research group at Stanford, in a sense, formed
biology's leadership in exile. Surrounded by Caltech graduates, and closely in-
formed on the situation in the biology division, Beadle was conspicuous by his
absence. His scientific ideas were incorporated into Emerson's work and indirectly
influenced the work of Sturtevant's group. Beadle, in contrast to Sturtevant, was
politically savvy; the relations he cultivated with Weaver and the Rockefeller Foun-
dation would soon propel him and Caltech to the biological vanguard.

Pauling, and indirectly Beadle, imparted the biology division with a semblance
of programmatic coherence. In the absence of strong leadership in genetics, bio-
chemistry, biophysics, and animal physiology, and with constant tension between
foreign and American scientists in the division, hopes of formulating broad de-
partmental goals slowly vanished. The power now rested mainly with the plant
physiologists, especially the Utrecht contingent, led aggressively by Arie Haagen-
Smit and Frits Went. Their projects flourished through the powerful links with
California's agribusiness; commercial plant genetics and applied botany seem to
have the most tangible assets of the division during the war years.69

Those who maintained a serious commitment to Noyes's institutional philoso-
phy—the priority of pure over applied research—looked askance at the publica-
tions cascading from the Kerckhoff Laboratory devoted to commercial interests:
flavor control in canned pineapple, sugar content in produce, the morphology of
tomatoes.70 Shady stories reached Max Delbriick at Vanderbilt in 1945 through his
friend E. Buchman from the chemistry division, who reported that the biology
situation was "going from bad to worse." The "old boys" who lived off commercial
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research promised to mend their ways, but the scene was not likely to improve.
"The really disquieting thing," Buchman feared, "is the character of new appoint-
ments in Biology. Due to the system of 'horse trading' now in force, the head of
each group has been pushing through his own appointments without check and of
course, he has taken care to put his friends in regardless of caliber."71

The war effort intensified the sense of inferiority in the biology division. Though
war-related projects infused some purpose and support to the fragmented biology
divisipn, it did not help to elevate the low morale. True, Caltech's Bulletin recounted
biologists' involvement in various war activities. In addition to Tyler's work on
blood and serum, Henry Borsook led a crusade for nutrition, publishing extensively
on the nutritional status of aircraft workers in southern California and the effects
of vitamin supplements on absenteeism and personnel rating. There were also
publications on the effects of sugar and benzedrine on fatigue in paratroopers;
investigations of motion and sea sickness and of night vision; and studies of the
impact of stress (prolonged wakefulness, for instance) on physical efficiency. If one
adds to these published studies classified secret projects, such as work on biological
warfare, the biologists' participation appears substantial, demonstrating that they
applied their skills in physiology, biochemistry, nutrition, and immunology to the
war effort.72

These activities received little attention, however, compared with the physical
sciences. Biologists at Caltech, as elsewhere, went generally unappreciated for their
patriotic science, nor would they later share the honors of their colleagues in physics
and chemistry. Watching from the sidelines, biologists had followed the phenomenal
growth of academic and industrial chemistry during the 1920s and 1930s, World
War I, the "chemists' war" serving as a springboard for a permanent campaign for
"better living through chemistry." They were now witnessing the "physicists' war,"
recognized through the growing prestige of physicists and the government's com-
mitment to physics and engineering. Despite vigorous participation in the war effort,
biologists could claim no war of their own; their contributions went uncelebrated.73

The deteriorated biology division, with a staff of 32, was a structural flaw in
Pauling's blueprint for postwar molecular biology. His grandiose plan was predi-
cated on chemistry's partnership with a strong biology division. His own chemistry
empire of 86 scientists was thriving. More than 50 researchers worked on two dozen
projects for the NDRC and OSRD, and at least two-score participated in immu-
nochemistry research under the CMR contract. Funds were abundant, productivity
peaked, and morale was high. Though the war would soon end and with it many
war projects, the benefits and lessons of wartime science, Pauling reasoned, did
not have to terminate. Like most scientists, Pauling had gotten used to wartime
efficiency, priority considerations of projects, and massive support for research.
Reluctant to relinquish the spoils of war, Pauling began to look for ways to maintain
his programs in the style to which he had become accustomed.74

As early as August 1944, Pauling proposed to Weaver a plan for research into
the structural chemistry of proteins. The main organizational features of the pro-
gram, Pauling explained, would be a system of orders and reports modeled after
military projects. With large numbers of trained young OSRD scientists seeking
employment, Pauling expected to mount a vigorous attack on the problem of protein
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Figure 18 Henry Borsook with automatic chromatographic fraction collector for
studying proteins. Courtesy of the Rockefeller Archive Center.

structure, a program "designed to operate in the same efficient way" as wartime
research. He envisioned 20 full-time assistants, a couple of typists to process orders
and reports, technicians, and "human computers." The estimated cost of the three-
year project came to $150,OOO.75

The organization of postwar science was just emerging as an issue of national
debate, and Weaver had strong opinions on the matter. Although he agreed with
Pauling on the desirability of a major program in protein structure, he confessed
to "a good deal of skepticism as to whether it is either possible or desirable to
carry over into peacetime research, many of the elements of organization and
control which properly and inevitably characterize wartime work." Weaver sus-
pected ventures that smacked of national planning as flirtations with socialism.
Though the Rockefeller advisory network propagated many structural features of
interwar science into the postwar era, Weaver would remain a vocal opponent of
federally sponsored research well into the 1960s.76



188 MOLECULAR VISION OF LIFE

Although Pauling never again wrote to Weaver about the subject of restructuring
science, his organizational scheme—the efficient coordination of large projects—
animated his plans for a protein-centered molecular biology. He proposed to Weaver
a six- to eight-year intensive program, deploying the diverse techniques of protein
analysis, arguing that this scheme would allow more effective use of funds. Any
one method alone would not provide the solution to the great protein problem, he
stressed. "I am enthusiastic to learn the answers to the most interesting questions
posed for us by Nature," he wrote to Weaver, "and I am afraid that unless a very
intensive attack is made on these problems, the answers may not be found during
our lifetime."77

In preparation for the comprehensive plan and in view of the large investment,
Weaver initiated an informal survey within Rockefeller's advisory network in pro-
tein chemistry. By soliciting opinions on Pauling's suitability for spearheading such
a program and on Caltech's standing relative to other research centers, Weaver
sought to reduce risks and justify his program to the Rockefeller trustees. The
reviewers, including prominent biochemists J. W. Williams from the University of
Wisconsin, F. O. Schmitt from MIT, and V. du Vigneaud from Cornell, agreed
that the protein problem was indeed of primary importance and Pauling was the
best man for the job.78

On September 10, 1945, a week after the Japanese surrender in Tokyo Bay,
Pauling flew to New York to set the wheels in motion for his postwar program.
He met with the Guggenheim Board and called the Rockefeller Foundation office
to discuss the plans for physical, organic, and structural chemistry at Caltech in
relation to biological and medical problems. Though Weaver was already convinced
of the intellectual viability of the venture, his final commitment would be informed
not only by the particular needs of the chemistry and biology divisions but by the
broader academic goals and administrative policies of Caltech.79

Major power blocks were now shifting at Caltech, the rumblings of which were
heard at the latest board meetings. During preliminary chats at lunch, Pauling
intimated to Rockefeller Foundation officer H. M. Miller that administrative affairs
at Caltech had been stormy recently. The aging Millikan, who for some time had
been unable to provide effective leadership, had been stalling with the resignation
of his title and duties. When he finally did resign as chairman of the Executive
Council, speculations surfaced regarding the concomitant resignation of Max
Mason. These changes led to a reconstituted Executive Council with its chairman
serving ex officio as chairman of the Board of Trustees. The Board would now
consist of three trustees and several faculty members: Houston, Tolman, Clark,
Millikan, Pauling, and a "younger man from the humanities." New rules, by-laws,
and principles were instituted, and within the next six months the Institute expected
to choose a new president.80

Members of the biology division fared poorly within the reconstituted admin-
istrative structure and apparently were not even represented on the board. The
situation in biology had degenerated since Morgan's active leadership had ceased,
Pauling informed Miller. "Sturtevant had no particular liking or capacity for admin-
istration. There is an important division within the crowd between the American
biologists and the foreign contingent headed by Hagen-schmidt [sic]."81 Pauling
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earnestly hoped, he told Miller, that the situation would be cleaned up. He looked
forward to a strong and unambiguous leadership of biology and to a new regimen
that would be completely and cordially interested in close cooperation with chem-
istry. The situation in biology was of course worse than Pauling had described. It
made little sense to expose the extent of the damage when seeking support for
joint projects with biology. To improve the situation, Pauling thought that "they
ought to add a first-rate man each in enzyme chemistry, physiology, pharmacology,
and perhaps viruses. This enlarged group would then, together with Pauling's group
on structural chemistry and immunological chemistry, have the existing strength in
genetics, etc., and form what would in effect be an institute for molecular biology."82

As Weaver stated, the plans for molecular biology had to wait until the resolution
of the administrative situation at Caltech and the formulation of fiscal policies.
With Pauling's cooperation, however, he intended to monitor closely the Foun-
dation's investments at Caltech and protect his own special interests in the Institute.
As he reported on the conclusion of the New York meeting: "It is understood that
Pauling, who from now on will be fully informed on all questions of central policies
of the Institute, will keep us informed. If certain obvious difficulties can be removed,
WW considers this one of the most important and very possibly, the most important
existing opportunity in this country for highly competent and imaginative appli-
cation of modern physical and chemical techniques to basic biological problems."83

Evidently Pauling's failure to manufacture artificial antibodies had caused him
little damage. In 1945 Pauling's work was strongly tied to medical research and his
group well linked to the medical establishment through the Rockefeller Institute
and the CMR. Although the fundamental work on protein structure had come to
a standstill during the war, the flawed research on the structure and action of
antibodies propelled Caltech's program to the vanguard of life science. Caltech's
molecular biology program emerged at the threshold of the new era on even firmer
grounds than before, with immunology at its center as part of the protein paradigm.

Pauling's whole scheme for molecular biology was predicated on bringing George
Beadle, now considered one of the world's leading biologists, back to Caltech. In
fact, as he spoke with Weaver, the biology division was already negotiating an
appointment with Beadle, but it would be Pauling's forceful maneuvers that would
bring Beadle back as chairman of the division. By 1945 Beadle was widely known
in the community of life scientists for his outstanding contributions to biological
knowledge. His research linked formalistic concepts of classical genetics with ma-
terial, or biochemical, explanations. His program in biochemical genetics, which
he developed at Stanford with biochemist Edward L. Tatum during the war years,
replaced Drosophila with the bread mold Neurospora crassa, a simple microor-
ganism amenable to genetic investigations on the biochemical level. By utilizing
the Neurospora system Beadle was able to solve a central problem in heredity
research, a problem that had been a focus of ongoing debate since the first decade
of the twentieth century. The debate centered on the relation between genes and
enzymes: whether genes were enzymes or they only made enzymes. Beadle dem-
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onstrated that one gene controlled only a single biochemical reaction, which in
turn was regulated by one specific enzyme.84

In addition to its cognitive import, Beadle's work was recognized as a principal
disciplinary innovation. Neurospora research brought together two areas in life
science that in the United States had previously been remote: genetics and bio-
chemistry. Because American genetics had been shaped primarily by its service
role to agricultural sciences—plant and animal breeding—whereas biochemistry
developed mainly within a medical context, these two fields represented very dif-
ferent scientific traditions, with dissimilar vocabularies and laboratory training.
Beadle's program forged some of the earliest links between these two disciplines
in America. His election to the National Academy of Science in 1944 reflected
these cognitive and disciplinary accomplishments.85

What made Beadle's ascent to leadership even more remarkable was the time
frame. His research in Neurospora genetics was launched at the end of 1940, just
at the height of the "preparedness period," reaching its zenith (in terms of funding
and personnel) in 1943, at a time when most fundamental researches were being cut
back. Although national resources were diverted to war-related projects, Beadle's
program in biochemical genetics flourished—because of its practical and com-
mercial applications to the war effort. Although Beadle's primary commitment was
to fundamental knowledge, it was mainly the practical application that gave the
program its priority considerations and resources. Beadle thus had proved himself
not only a first-rate mind but an effective promoter of interdisciplinary cooperation
and a savvy manager of university, industry, and government interests—an equal
partner in Pauling's projected enterprise.
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CHAPTER 7

Microorganisms and
Macromanagement:

Beadle's Return to Caltech

New Biological System

In 1937 Beadle's path-breaking investigations, which began at Caltech in 1934
with Ephrussi, inched on uneventfully. Beadle had just moved from Harvard to
Stanford and was looking for a "biochemist to work on hormone-like substances
that are concerned with eye pigments in Drosophila."1 Against the advice of his
academic elders at the University of Wisconsin, Edward Tatum accepted Beadle's
offer, foregoing the safer and more lucrative research in dairy microbiology in favor
of the challenge of biochemical genetics. Given the wide chasm separating the two
disciplines, attracting biochemists to genetics was no easy task; the move would
entail professional risks. Beadle recalled that one day as Edward Tatum's father,
the prominent Wisconsin pharmacologist Arthur Tatum, was visiting the laboratory
he called him aside to tell him he was concerned about the professional future of
his son. "Here you have him [Tatum Jr.] in a position in which he is neither a pure
biochemist nor a bona fide geneticist," the senior Tatum observed, expressing his
fear that his son "will find no appropriate opportunity in either one."2 The Wis-
consin connection would prove to be not only intellectually productive but a useful
link to the food and drug industries.

Tatum's training during the 1930s in "pure biochemistry" reflected the emphasis
on agricultural research at the University of Wisconsin, particularly biochemical
nutrition in the context of the burgeoning dairy industry. The vital functions of
several "growth factors"—hormones, vitamins, amino acids, nucleic acids, and
other substances—were being elucidated; and animal feeding studies not only
clarified cause and prevention in animal and human disease, they created new
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topics in the biochemistry of metabolism.3 The study of "growth factors" extended
during the early 1930s to the terra incognita of nutrition of microorganisms, Tatum's
graduate work. His project, which contributed to the identification of vitamin BI
(thiamine) as a required growth factor in bacteria, was followed by postgraduate
work at the University of Utrecht on nutrition and growth of fungi. Although there
was already evidence for the universal need of several vitamins in microorganisms,
the tendency at that time was to consider "growth factors" as highly individual
requirements, peculiar to strains or species of microorganisms. There was little
basis for linking these variations to gene mutations or to variations in higher
organisms.4

It was only when Tatum joined Beadle at Stanford in 1937, and through the
studies of eye color development in Drosophila, that he came to appreciate the
cognitive and technical potency of genetics. Beadle, on the other hand, had come
to appreciate the power of metabolic analyses. There were still many unanswered
questions about the genetic control of the steps involved in pigment production,
but the methods of Drosophila research, when used in conjunction with biochemical
techniques, were unbearably cumbersome and the results erratic. With Tatum's
biochemical experience with "growth factors," Beadle could exploit the newest
analytical methods of nutrition. Whether Beadle had invited Tatum to Stanford
with an eye to Tatum's skills in biochemical nutrition or it was a fortuitous choice
is uncertain. In any event, their collaboration led to feeding experiments in Dro-
sophila, testing the relation between the production of vermilion pigment and the
presence of various amino acids in the diet. These experiments did establish some
interesting positive links between vermilion production and fruit fly metabolism,
but the results were too inconsistent to delineate meaningful patterns. The prom-
ising new methods of nutrition and metabolic analysis Tatum introduced into Dro-
sophila research could not be properly exploited in that organism. These compli-
cations pointed to the urgency of finding a biological system with well-defined
nutrition requirements and the biochemistry of its metabolic pathways already
known.5

Finding the "ideal organism"—one amenable to investigations in biochemical
genetics—was a challenge. In the case of eye color studies in Drosophila larvae,
the problem had been to locate an organism suitable for genetics and embryology.
The new task was to identify a biological system compatible with the methodologies
of nutritional biochemistry and genetics. As Beadle liked to point out, "It is both
an accident of organic evolution and an indication of man's lack of foresight that
the organisms studied in most detail by biochemists have not been those on which
geneticists have concentrated." Biochemists, mostly in the service of medicine, had
focused on humans and bacteria; but according to Beadle, these two organisms
were unsuited to the geneticist—the one because of a long life cycle and social
obstacles to controlled mating, the other because of the absence of a sexual cycle
(sexual reproduction in bacteria was discovered by J. Lederberg and E. Tatum in
1947). Geneticists, on the other hand, had chosen the vinegar fly and Indian corn
as the classical organisms of their science. Both suffered from disadvantages to the
biochemist in not lending themselves readily to culture under precisely defined
environmental conditions. Neither could, be grown conveniently on a medium com-
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pletely known from a chemical standpoint. There had to be an easier approach to
identifying genes with chemical reactions than the one they had been following.6

Beadle hit upon the idea of using the red bread mold Neurospora instead of
Drosophila sometime in 1940 while auditing Tatum's course in comparative bio-
chemistry at Stanford.7 It occurred to him to reverse the experimental procedure.
Instead of starting from the gene end—from a known mutation—and working
toward the biochemical product (as he had done in the transplantation experi-
ments), why not start from the biochemical end—from a known biochemical re-
action—and work backward to the gene? With the biochemical end already worked
out, Beadle reasoned, he could capitalize on his skills as a geneticist and stick to
his specialty, as he put it. This reverse approach required working with a biochem-
ically well-defined biological system and well-characterized genetic mechanisms that
were reasonably easy to analyze and control. One could then induce random mu-
tations to block biochemical reactions in the organism's metabolic pathways. A
biochemical reaction could then be readily identified and linked to the specific
mutations associated with it. Neurospora seemed to fit these specifications excep-
tionally well.8

Beadle's idea of using Neurospora for his studies in biochemical genetics was
not entirely as fortuitous as his historical reconstructions imply. He had been
exposed to Neurospora research since his Cornell days and had followed closely
Carl Lindegren's Neurospora project during the early 1930s. Lindegren had worked
out the genetics of Neurospora as a dissertation project under Morgan at Caltech,
a project recommended to Morgan during the 1920s by his friend, New York
botanist B. O. Dodge. An enthusiastic promoter of Neurospora as an organism
for genetic work, Dodge had persuaded Morgan to take a collection of Neurospora
cultures with him from Columbia to Caltech. With abundant support and the advice
of E. G. Anderson, Bridges, Emerson, and Sturtevant, Lindegren and his wife had
worked out by the mid-1930s the basic genetics of the Neurospora?

The research of the Lindegrens demonstrated the advantages of working with
the fungus. Its haploid cells (possessing only a single set of genes), in which com-
plications associated with dominance did not arise, and its relatively short life cycle
of 10 days between sexual generations made the mold attractive for genetic analyses.
Building on Dodge's work, the Lindegrens established that the sexual union of two
haploid cells from opposite mating types produced a zygote that, following the two
meiotic divisions, produced four haploid cells, each of which then divided by mi-
tosis. As a result, eight genetically identical spore cells were neatly lined up in a
spore sac according to their closeness of lineage, a feature that facilitated an orderly
analysis of the gene sequence. With a microscope, a technician—or in Beadle's
words, a "spore isolater"—could isolate a spore sac, remove the eight spores in
sequence, and place each into a tube with culture medium. The spores would then
undergo rapid asexual reproduction, yielding a large population derived from a
single chromosome set. The uniformity and rapid yield had clear advantages over
the complicated pattern of reproduction in Drosophila. Beadle was well aware of
these features; in fact, he had singled out the Neurospora for its genetic advantage
back in 1934.10
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Beadle obtained stocks of Neurospora from Carl Lindegren (now at Washington
University), and Tatum performed the biochemical characterizations of Neurospora
metabolism.11 Applying his expertise in the biochemical nutrition of fungi, Tatum
worked out within a few months the normal nutritional requirements of the or-
ganism. Its diet turned out to be exceedingly frugal; all three species of the fungus
could grow on a minimal medium containing sugar, salts, and the newly synthesized
vitamin biotin (one of the B vitamins); that is, the mold could synthesize all its
required substances from the ingredients in the minimal medium. With that ground-
work completed, the new system was ready for testing concepts and strategies.

According to Beadle he designed his experimental strategy for Neurospora based
on the lessons from the transplantation experiments in Drosophila. He reasoned
that if a mutant gene manifested a loss of a particular synthetic step, that mutant
Neurospora would be unable to synthesize some essential substance and would thus
fail to grow on minimal, or unsupplemented, medium. By determining which nu-
trient was needed for survival, a correlation could then be established between the
mutant gene and the organism's failure to survive as a result of the blockage of a
particular synthetic step along a metabolic pathway. From the biochemistry of the
pathway, one could then match, so to speak, a specific synthetic step with a par-
ticular mutant gene. The experimental design was elegant in its simplicity; irradiate
the asexual spores of the mold with x-rays to produce random mutations; then
cross the irradiated spores with the appropriate mating type, isolate newly repro-
duced spores, grow them on a suitably supplemented medium, and test them on
the unsupplemented medium. With exceptionally good luck, a few months later
Beadle and Tatum isolated a first x-ray-induced Neurospora mutant. "I always
knew they were fine bugs to work with," Beadle wrote to Lindegren in July 1941,
"but I never fully appreciated all their advantages. We have one x-ray mutant that
seems not to be able to make one of the B-vitamins but we haven't yet finished
the analysis of this."12

By October 1941, in the Proceedings of the National Academy of Sciences Beadle
and Tatum reported having isolated three mutant strains of Neurospora. One was
unable to synthesize vitamin B,; the second was unable to synthesize B6; and the
third could not synthesize paraaminobenzoic acid. The preliminary results indicated
that Neurospora was an effective genetic system of analysis, and that the new
methods could indeed be used to isolate mutants that were unable to carry out a
particular step in a given synthesis—and thus to determine "whether one gene is
ordinarily concerned with the immediate regulation of a given specific chemical
reaction." That information, Beadle predicted, would reveal the mechanisms by
which genes regulate development and physiological functions.13 The theoretical
import of these findings was far-reaching and the potential of the new experimental
system immense. Even before its publication in the Proceedings, upon reading the
manuscript Ephrussi immediately wrote to Beadle: "I want to congratulate both
you and Tatum. I believe that these first results leave no doubt that you are entering
an unexplored field of most promising possibilities." This promise, later fulfilled
as the "one gene-one enzyme hypothesis," would become one of the cognitive
pillars of molecular biology.14



198 MOLECULAR VISION OF LIFE

It is instructive to examine the process of thought and validation of Beadle's
discovery. Recalling his approach nearly two decades later, Beadle wrote: "It is
sometimes thought that the Neurospora work was responsible for the 'one gene-
one enzyme' hypothesis—the concept that genes in general have single primary
functions, aside from serving an essential role in their own replication, and that in
many cases this function is to direct specificities of enzymatically active proteins.
The fact is that it was the other way around—the hypothesis was clearly responsible
for the new approach." According to Beadle, although it had never been explicitly
stated, he and Ephrussi had already developed that concept during the course of
their work on eye pigment in Drosophila.15

Clearly influenced by hindsight, Beadle's recollections illuminate both the pro-
cess of discovery and its historical reconstruction. Judging from his earlier papers,
it is doubtful that during the mid-1930s Beadle had a clear vision of the relation
between enzymes and genes. True, the controversial topic of enzymes and genes
had intrigued him by the early 1930s, becoming increasingly important in his quest
to understand phenotypic expression. As his investigations in Drosophila began to
overlap with the European work on the biochemistry of development, the debates
regarding the chemical mode of action of the gene in relation to enzyme action
assumed greater significance and urgency. Undoubtedly, working in Morgan's lab-
oratory, where these controversial debates were a response to the polemics of
Richard Goldschmidt, Beadle had developed his thoughts on the subject.14

The lively discussions on the relations between genes and enzymes sparked by
J. B. S. Haldane's stay at Caltech around 1933 must have added interesting per-
spectives. Haldane's studies on the heredity of hemophilia and color-blindness and
his affiliation with biochemical genetics research at Frederick Gowland Hopkins's
laboratory at Cambridge would have influenced Beadle's biochemical approach to
genetics. In fact, Haldane had a profound appreciation for Archibald Garrod's
work Inborn Errors of Metabolism (1909), where a vague version of a one-to-one
relation between gene and enzyme had been implied, or so it seemed in retrospect.
Haldane most likely discussed Garrod's work with Beadle,17 which would explain
why Beadle himself, despite claiming to have rediscovered Garrod's work only in
1942, knew of Garrod's work during the late 1930s and mentioned Garrod in passing
as early as 1940. Yet it is clear that the full significance of the connection escaped
him. Beadle's chance "rediscovery" of Garrod's supposedly "neglected" work a
few years later appears to be a retrieval of forgotten information—information
that during the 1930s was peripheral to Beadle's main focus. Only later would
Garrod's conclusion become central to Beadle's work, when his own experimental
findings converged on the hypothesis that a single gene regulated a chemical re-
action, which in turn was regulated by one enzyme.18

It is difficult to pinpoint historically Beadle's intellectual position on the gene-
enzyme problem: whether genes were enzymes or only made enzymes. Though
well versed in the arguments equating gene replication with enzyme action, Beadle
generally followed Morgan's reasoning that enzymes might be several stages re-
moved from genes. Yet he also seemed to be strongly influenced by H. J. Muller's
versions of the autocatalytic theory and by the analogy of genes and enzymes implied
by W. M. Stanley's studies of the tobacco mosaic virus. That Beadle had been
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stimulated by these speculations was evidenced by his writings during the mid-
19408. In lectures and review articles, he frequently referred to the works of Tro-
land, Muller, Goldschmidt, Haldane, Wright, and Stanley, citing their important
contributions to the gene-enzyme problem. Even as late as 1947, in a lecture
apparently deliberately entitled "Genes and Biological Enigmas" (after Troland's
1917 noted article "Biological Enigmas and the Theory of Enzyme Action"), Beadle
acknowledged the influence of Troland's prescient ideas. Somehow Beadle man-
aged to accommodate the notion of the autocatalytic theory of life with Morgan's
and Sturtevant's views that enzymes were merely gene products.19

Beadle's effectiveness lay in his biologically reductive approach: not a theory-
reduction of biology to chemistry but a reduction sustained within a biological
framework. Unlike most of his predecessors in biochemical genetics who worked
with higher organisms, Beadle (reflecting the nascent trends in molecular biology)
streamlined physiological problems by working with microorganisms. Yet within
this reductive framework he maintained a biological standpoint. Beadle did not
underestimate the immense complexities of the lowly Neurospora. Precisely because
the fungus could perform diverse syntheses from a handful of resources, Beadle
inferred that its metabolic pathways were complex and therefore involved a great
number of enzymes. Operationally, Beadle followed closely Morgan's reductive
formalisms. By grounding his analyses in strict correlations between gene function
and a specific mutation, Beadle reduced the need for untestable assumptions about
the chemical nature of the gene in his experimental design. By sticking to his
specialty and broaching the problem from the genetics end, and by building on the
work of biochemists in a well-characterized, relatively simple system, Beadle cir-
cumvented some potential pitfalls of theory-laden methods. He introduced few
assumptions about intermediate chemical steps in the chain linking gene and prod-
uct while resisting the temptation (of which Sturtevant warned) to reduce gene
expression to enzyme chemistry.20

Thus a critical reexamination of Beadle's discovery reveals considerably less
novelty than previous accounts have portrayed. Beadle's originality as a biologist
lay in his thinking beyond the organism, his conceptualization of the organism as
a probe into the gene. In so doing he took bold steps entailing substantial career
risks. Although Neurospora genetics was not a new field, Beadle's willingness to
switch biological systems for the third time within a decade and experiment with
novel techniques placed him in the intellectual vanguard. However, the challenges
of his project placed him in a particularly precarious position during the institutional
and professional turmoil of the war years.

Selling Pure Science During Wartime

Given the pressures of war, the potential commercial aspects of Beadle's new
research were not disregarded. Even in their preliminary report Beadle and Tatum
were quick to stress the practical significance of Neurospora biochemical genetics
and its utility to other areas such as nutrition and pharmacology. The methods
outlined, they argued in their 1941 paper, were of value as techniques for discov-
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ering additional substances of physiological significance. A complete medium could
be made up with extracts of normal Neurospora; and if through mutations the
ability to synthesize some substance were lost, it could then serve as a test strain
for isolating the substance. "It may of course be a substance not previously known
to be essential for the growth of any organism," they suggested. "Thus we may
expect to discover additional amino acids if such exist."21 This assertion was a bold
one; undoubtedly, the increasing attention to commercial and military needs had
influenced Beadle's research strategy.

At that time the United States was at the height of its "preparedness" phase.
Laboratories in the life sciences were diverting their resources toward the war
effort, and many war projects in pharmacology and biochemistry, notably the
production of penicillin, were being coordinated with the Department of Agricul-
ture and with commercial concerns such as the pharmaceutical firms of Merck and
Company, E. R. Squibb and Sons, Sharp and Dohme, and Lederle Laboratories.
In 1941, just when Beadle and Tatum were publishing their preliminary results on
Neurospora and pointing out the work's projected practical applications, nones-
sential scientific expenditures were being trimmed back. Most researchers in the
physical sciences had already organized their war-related projects under the aus-
pices of the Office of Scientific Research and Development (OSRD). Investigators
in the life sciences, in areas relevant to the priorities outlined by the Committee
on Medical Research (CMR), were increasingly entering into government contracts,
which were usually drawn for 6 to 12 months. Basic research in the life sciences
was being gradually curtailed.22

For Beadle, however, the Neurospora program was just beginning. He envi-
sioned a large-scale attack on the fundamental problem of the relation between
genes and enzymes, work that was both time-consuming and expensive. The la-
borious task of running mutants through what he called a "nutritional mill," that
is, through a systematic battery of tests for various vitamin and amino acid defi-
ciencies, required many hands and substantial sums for materials. The projected
research program called for expanded laboratory facilities and staff. As Beadle
explained in his 1941 grant proposal to the American Philosophical Society, 34,000
Neurospora strains had been established and tested during the previous year; each
strain, in turn, had resulted in several cultures; and from these hundreds of thou-
sands of cultures, only 102 mutants had been isolated so far. Requesting additional
funds, Beadle explained that it would take 20,000 tries to find a single additional
mutant. Yet the value of each additional mutant, he argued, increased as the list
approached completeness, because when matched with the corresponding chemical
reaction, these last mutants would fill in the crucial remaining pieces of the bio-
synthetic puzzle.23

Beadle also appealed to the Rockefeller Foundation for support. In November
1941, one month after the first publication on Neurospora, he announced his find-
ings to Weaver. After explaining some of the difficulties with the new experimental
procedures, Beadle reported that since the initial publication he and Tatum had
more than doubled the number of mutants having a known role in synthesis. Among
the newer mutants, one had been found that lacked the ability to synthesize what
appeared to be a new, unknown amino acid, which they had named neurosporin.24
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Figure 19 Graduate student preparing Neurospora cultures. Courtesy of the
Rockefeller Archive Center.

While progressing on the basic research front, Beadle was also being courted
by the food and drug industries; genetics was making unexpected contributions to
the science of nutrition. Aside from their theoretical significance, a number of the
newly isolated mutants that were unable to synthesize either a vitamin or an amino
acid had proved to be important in applied bioassay work. The growth rate of each
mutant was a function of the concentration of the substance in which it was deficient.
Therefore by measuring the dry weight of the mycelium (the vegetative form of
the fungus) produced during a specified growth period, or by following the rate of
progression of the mycelial frontier over the agar surface, one could obtain an
estimate of the concentration of the specific substance in the medium. One of the
advantages of Neurospora techniques, compared with other methods, according to
Beadle, was the efficiency and specificity of response. The Neurospora bioassays
were therefore attractive procedures for commercial houses that dealt with the
manufacturing of vitamins and amino acids.25
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Figure 20 Research Fellow
Marko Zalokar plotting
growth curves of Neuro-
spora. Courtesy of the
Rockefeller Archive Center.

From the point of view of the Rockefeller Foundation, links between basic
research and commercial profit could potentially create delicate situations. Because
the natural sciences division supported nonmedical research, questions of practical
applications and patent rights were of only marginal concern. With no firm guide-
lines for commercial ties between university and industry, such matters were usually
left to the discretion of individual investigators.26 Thus while stressing the immediate
practical value of the Neurospom mutants for food and drug testing, Beadle also
solicited Weaver's advice regarding commercial involvements.

In November 1941 Beadle told Weaver that Merck and Company had expressed
an interest in supporting Neurospom research. Because of the efficacy of the new
analytical and culturing techniques and the precision of the vitamin and amino acid
essay methods, the company was enthusiastic about entering into collaborative
research with Beadle's laboratory. Of course his laboratory could benefit a great
deal from cooperative ventures with Merck and similar concerns, Beadle admitted,
but he was uneasy about linking his research program with the work of pharma-
ceutical houses. He thought that there were definite disadvantages in ties with
commercial concerns due to the possibility of disagreements over such questions
as manufacturing procedures and patent rights in relation to newly discovered
substances. He would prefer to limit such entanglements.27 Because the Natural
Sciences had no clearly articulated policy regarding patents, the officers stated that
they had no intrinsic objections to Beadle's entry into applied research and left the
matter up to him.
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A month later Beadle visited Merck and Company in New Jersey with the
purpose of exploring the possibilities for cooperative projects. He learned that
Merck was willing to support the entire Neurospora project in return for the patent
rights. According to the Rockefeller Foundation's report after Beadle's New York
visit in December 1941, Beadle was completely uninterested in the patent question;
and, in fact, the patent policy of Stanford seemed to be opposed. The Foundation
officer reported that Merck would probably be willing to supply funds and assistance
without any patent rights; but in return for furnishing the chemical services they
would expect to obtain information in advance of publication of any papers and
thus to acquire an edge on their competitors. The Research Corporation was also
interested and led Beadle to believe there were considerable chances for the success
of an application to it unless there were complications due to patent problems. The
Rockefeller Foundation officer noted: "Beadle states explicitly that he has not
interest in patent or any personal profit for himself but, on the other hand, must
find outside assistance to push his work rapidly. His first preference would be a
grant from the RF which would free him of all obligations other than to work hard
and publish freely his results. His second choice would be the Research Corporation
and third, Merck."28

In 1942 Beadle received a grant from the Rockefeller Foundation, but he also
entered into cooperative projects with Merck and Company and later with Sharp
and Dohme and other commercial agencies. In 1943 the Research Corporation,
which had close ties with the OSRD and heavily supported work on nutrition
(particularly nutrition research at Wisconsin), awarded Beadle $10,000. Beyond
this financial support, Beadle undoubtedly benefited from other services of the
Research Corporation, which the Rockefeller Foundation (and other agencies)
often used to "hold" patents that were licensed to commercial houses.29

The early links between Neurospora research and the food and drug industries
not only broadened Beadle's financial and institutional base, they carried consid-
erable weight in assessing the utilitarian value of his program. These connections
were a testimony to the practical significance of his program at a time when rel-
evance to nutrition and pharmacology counted for much. When Beadle reapplied
for a Rockefeller Foundation grant for 1942, Stanford's president R. Wilbur not
only praised the Neurospora program as "ushering a new era in genetics research,"
he promoted the broad range of practical applications. "The wide scope of the
problems on which these researches bear," Wilbur wrote to his old friend Raymond
Fosdick, "gives them an importance not only for further advancement along these
(genetic) lines but also for more immediate applications in our present war emer-
gency. The latter aspect alone would seem to justify an additional grant from the
Rockefeller Foundation."30

Indeed, the grant appropriated by the Rockefeller Foundation in 1942 was
reinforced by a grant from the American Philosophical Society and buttressed by
the various benefits of collaborative projects with the food and drug industries,
which by 1942 included Merck, the Fruit Product Laboratory, and the Western
Regional Department of Agriculture. Clearly, Beadle attached a great deal of
weight to the practical and commercial side of Neurospora work while simulta-
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neously pursuing his main interest: the correlation between mutant genes and their
biochemical deficiencies.31

This twofold approach to Neurospora research—the pure and the applied—and
the base of support it attracted resulted in a considerable expansion of Beadle's
program. His applied work was in great demand, and several laboratories began
sending people to Stanford to learn the new techniques. Beadle also gathered junior
faculty members, postdoctoral fellows, graduate students, and additional techni-
cians. Of the new investigators who joined Beadle's group in 1942, Norman
Horowitz and David Bonner from Caltech were particularly valuable to the de-
velopment of the new biochemical genetics. Having studied during the 1930s in
Morgan's interdisciplinary division, they were the first generation of American
graduates trained in the new physiochemical biology. Both were proficient in ge-
netics and biochemistry and possessed for the early 1940s a unique combination of
skills to bring to Neurospora research. Upon inviting his Caltech friend Sterling
Emerson to spend the summer of 1942 at Stanford, Beadle described the rapid
growth of his group and boasted: "We have up our sleeves plans for a super gigantic
Neurospora Institute for next summer."32

By summer 1942 the United States was deeply involved in the war, and science
was heavily immersed in the war effort. Laboratory resources had been diverted
to war-related projects, and junior laboratory personnel were being drafted into
the armed forces. Senior researchers, even those who discontinued basic research
were experiencing difficulty in maintaining postdoctoral fellows, graduate students,
and technicians. The future of many research programs in the life sciences now
became uncertain, a situation that presented special problems to the Rockefeller
Foundation regarding its annual appropriations allocated to long-term grants awarded
before the war. As part of a general survey the Foundation requested information
from its principal supported investigators concerning the war's impact, or projected
impact, on basic research—on the availability of personnel or the acquisition of
materials and equipment. The Foundation expressed its preference for maintaining
those basic and long-term research programs that could be sustained on a high level
without conflicting with the demands of defense. However, if the quality of research
had to suffer owing to the exigencies of war, it might be necessary to curtail the
support.33

During the spring of 1942 Beadle still emphasized his primary commitment to
basic research, but the pressures of military relevance had already begun to man-
ifest. He wrote to the Rockefeller Foundation:

Our facilities and the generous Foundation support are proving to be quite ad-
equate for the basic aspect of the work and I feel confident that we shall continue
to make satisfactory progress along these lines. It becomes increasingly evident,
however, that it is desirable to apply these findings to the development of a rapid
standardization technic of bioassay for various vitamins and amino acids. While
it seems obvious that this type of work should not be done at the sacrifice of
more fundamental work, it occurred to us that a number of our best qualified
graduate students, who are actively looking for ways to be useful in the present
emergency, might well undertake such applied work with a view toward making
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efficient bioassay technics available for studies of vitamin and amino acid contents
of various types of preserved foodstuffs.34

Beadle inquired about the Rockefeller Foundation's reaction to his proposal that
the Nutrition Foundation, Inc., founded by 15 national manufacturers and headed
by Karl T. Compton, might support four graduate fellowships at Stanford for two
years. Following the approval of the Rockefeller Foundation, the Nutrition Foun-
dation awarded Beadle a substantial sum for fellowships and equipment. This
support further facilitated the applied aspects of Beadle's Neurospora program.35

Up until the summer of 1942, Beadle had been able to hold on to his people
and to ensure the continuity of his program. He had relied on the argument that,
considering the importance of the adequate protein nutrition during times of meat
shortages, it was of great practical as well as theoretical importance to complete
the amino acid mutant list. Because of the projected meat shortages, and because
California's agribusiness was the nation's principal supplier of produce, Beadle had
buttressed his argument by promoting the new assay techniques. The Neurospora
assay methods for determining the vitamin content in produce and the means of
creating "high vitamin" products were at a premium, he claimed. "This question
of the vitamin content of dehydrated products will certainly become increasingly
important in the near future from both military and civilian stand point. We feel
that we should very soon know just how useful 'made-to-order' Neurospora mutants
will be in vitamin research and control."36 His arguments remained effective until
mid-1942.

During the summer of 1942 the local Draft Board denied his requests for military
deferments for his graduate students and assistants. Beadle was about to lose a
couple of his men, and basic Neurospora research was now threatened by the
demands of the war. He informed the Rockefeller Foundation about the new
developments. Soliciting their cooperation, he asked that they intercede on his
behalf and use their influence with the local Board and state appeal authorities.
He suggested that the deferment of men who had training and skills in biochemical
genetics of Neurospora could be justified on the ground that their contributions to
the field of nutrition were likely to be much greater than any contribution they
could make when starting from the ground up in direct military service.37 The
Foundation decided, however, as a matter of policy, not to exert pressure upon
local boards.38

The Foundation's decision to avoid intervention in military matters helped ac-
celerate the trend toward applied Neurospora research. Although Beadle graciously
accepted the Foundation's refusal, stating that he could see "how a stand other
than the one taken would be difficult to maintain as a general proposition," he
also communicated his resolve to intensify the practical direction of biochemical
genetics as a result of wartime pressures. "Several of us at Stanford feel," he wrote,
"that it is becoming more and more obvious that the only way we are going to be
able to continue scientific work is to turn our efforts more and more toward applied
lines. Even so, contracts with governmental agencies would still be essential to the
survival of research groups."39 Accordingly, Beadle's team would now begin ex-
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ploring the possibilities of obtaining one or more contracts in connection with the
development of vitamin and amino acid assays.

A few months later, Beadle flew east to meet with the Subcommittee on Medical
Nutrition of the CMR in order to investigate the possibility of using some of his
laboratory facilities and techniques to study problems of nutrition related to the
war effort. As a result of these meetings it was agreed that Beadle's Neurospora
program could aid several ongoing CMR projects. Although the group's research
would not be performed under government contract, it was concluded that Neu-
rospora techniques and results should definitely aid the work of R. J. Williams at
the University of Texas on paraaminobenzoic acid, the Harvard project on tetanus,
and E. N. Ballantyne's project on gas gangrene. Beadle emphasized that he still
planned to push forward in basic research, but greater weight would now be given
to applied war research.40

The following month, November 1942, Beadle's program of biochemical genetics
was classified as essential to the war effort under the CMR guidelines, though it
did not receive a formal contract. Beadle immediately dispatched a letter to the
Rockefeller Foundation in which he quoted with obvious pride excerpts from Rich-
ard's letter:

This is equivalent to saying that it is my conviction, which I am confident would
be shared by all other members of the committee, that the work is of sufficient
fundamental importance and potential practical usefulness that it should not be
interrupted in favor of other research which may seem to have more immediate
practical utility in the War Effort. I can only assure you that we will endeavor
to give such requests [deferments in the absence of government contract] the full
influence of the Office of Scientific Research and Development in the case of
any of your investigators whom you certify as essential and irreplaceable. Similarly
in the case of critical materials for which high priorities are needed, we will do
everything in our power to assist you.41

This official statement provided the necessary guarantee that Beadle's program of
biochemical genetics would develop relatively unhindered. In fact, by having no
formal contract, Beadle gained an advantage: He was free to pursue his work with
fewer constraints on his facilities and time while receiving priority privileges equiv-
alent to contracted research. He could also publish freely. "Naturally we are en-
couraged by this letter," Beadle wrote to Rockefeller officer F. B. Hanson: "We
feel that we can now go ahead with our work with clear conscience."42

During the war years Beadle's group isolated about 80,000 single spores; of
them, approximately 500 had given rise to mutant strains that were unable to carry
out essential syntheses, and more than 100 mutant genes controlling vital syntheses
had been detected. Most of the mutants were characterized by loss of the ability
to synthesize a vitamin, an amino acid, or a nucleic acid component. Mutants for
the synthesis of seven B-complex vitamins and twelve amino acids were established,
and most of them had been shown to be essential for rat, dog, and human metab-
olism. Using the Neurospora mutants, Beadle's group had worked out bioassays
for choline, paraaminobenzoic acid, inositol, pyridoxin, and leucin. With none of
the constraints of the secrecy inherent in classified contract work, and with no
obligations to industry due to patent restrictions, Beadle and his collaborators were



MICROORGANISMS AND MACROMANAGEMENT 207

free to publish most of their findings in the standard scientific journals. The nu-
merous articles and reports about the culture techniques needed for mutants and
about the various bioassays appeared in the Journal of Biological Chemistry, Amer-
ican Naturalist, Physiological Reviews, American Journal of Botany, Journal of
Bacteriology, and Proceedings of the National Academy of Sciences. These publi-
cations made Beadle's research highly visible during wartime.43

Not all that Beadle touched turned to gold. At the end of 1942 he communicated
to the Rockefeller Foundation his belief that the putative new amino acid neuro-
sporin had been isolated, and furthermore that it promised to be of importance in
the CMR's tetanus toxin project. There was a great deal of excitement and a flurry
of activity in the laboratory as "Tatum and Bonner," according Beadle, were
"burning the night lights trying to get the structure established and a synthesis
worked out."44 Soon afterward, however, Beadle had to retract the discovery.
Disappointed, he reported to the Foundation that what for some time was thought
to be the amino acid neurosporin had turned out to be an active crystalline material
isolated from a casein hydrolysate; neurosporin was actually a mixture of valine,
isoleucin, and leucin. Although still useful as a booster for the preparation of tetanus
toxin, the new substance was of only marginal fundamental significance.45

The "false" amino acid was but a minor setback. The profundity of Beadle's
program lay in its contributions to fundamental biological knowledge: elucidating
the relation of individual genes to individual metabolic reactions and, in turn, to
the specific enzymes regulating these reactions. Without exception, every bio-
chemical pathway leading to the synthesis of a final product (either a vitamin or
an amino acid) proved to be comprised of a series of biochemical reactions. In
each case, a specific gene mutation blocked only a single biochemical reaction along
the pathway and, by inference, depended on the deficiency of a specific enzyme.

The detail involved in analyzing the sequence of biochemical steps in a synthetic
pathway was staggering, scores of Neurospora mutants being needed for a single
step. Several of the pathways under study therefore contained gaps. Two important
biochemical sequences and their corresponding mutants had been well characterized
by the end of the war. Horowitz and his collaborators established that the synthesis
of the amino acid arginine in Neurosopora proceeded through the synthesis of two
precursors, ornithine and citrulline, and that each step in the sequence of reactions
was under genie control (thus by inference under control of a specific enzyme).
Furthermore, by working out the reaction cycle, they showed that the biochemical
reactions were identical to the ones occurring in mammalian liver, and the same
experimental approach was used to study the synthesis of the amino acid trypto-
phan. Bonner and his associates showed that anthranillic acid and indole were
intermediate products in the synthetic pathway of tryptophan in Neurospora and
that each was under specific genie control. These findings established for the first
time a mechanism of tryptophan synthesis in this organism.46

At the end of 1944, in a lengthy report to the Rockefeller Foundation in which
he described the conceptual and technical aspects of Neurospora research, Beadle
presented two main conclusions. The first was that the synthesis of the essential
constituents of living matter is under genie control, and that the requirements of
higher animals for dietary supplements of vitamins and amino acids are the result
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of gene mutations that have occurred during the evolution of species. "Although
it is going beyond our present information to suggest a mechanism of this control,"
Beadle cautioned in his understated style, "it appears that the primary action of
the gene has to do with the synthesis of the enzymes which direct the chemical
activities of the cell." The second conclusion was that there exists a one-to-one
correspondence between gene and chemical reaction. The studies of Neurospora
mutants made it possible to assign definite series of reactions to individual members
in a series of nonallelic genes. As Beadle had predicted in 1941, reducing gene
effects to simple chemical reactions was indeed the first step in the direction of
analyzing the physiological bases of gene action.47

Significantly, it was only at this later stage of his work that Beadle saw the
relevance of Garrod's work—the link between the metabolic disorder alkaptonuria
and a recessive Mendelian character and, in turn, the absence of a specific enzyme
regulating the breakdown of the amino acid tyrosine. In a letter to a colleague at
Cambridge University in 1944 requesting the 1909 and 1923 editions of Garrod's
book, Beadle emphasized Garrod's unacknowledged founding of biochemical
genetics.

I have recently become much interested in the life and contributions to biochem-
ical genetics of Sir Archibald E. Garrod. . . . My interest is kindled by the fact
that in spite of the significance of Garrod's work, most geneticists have very little
knowledge of him or his work, Waddington too, is guilty of the sin. So far as I
know, Haldane is the only writer who has done him justice. In view of this neglect
of the man who I think should be regarded as the father of biochemical genetics,
I have been considering the possibility of writing a brief account of him for the
Journal of Heredity .4S

Graciousness notwithstanding, by retrieving Garrod's "forgotten" work Beadle, of
course, was engaging in legitimating his own findings; by setting the record straight
he also carved a historical space for his own contributions to biochemical genetics.

It was also at this phase, during the last year of the war, that direct military
demands did indeed take some toll on Beadle's research. In February 1944 he wired
the Rockefeller Foundation that a representative of the War Production Board had
just proposed that Beadle's group devote part of their facilities to inducing mu-
tations in Penicillium in order to increase penicillin production. To do it would
mean curtailing basic research activities for a while. Upon receiving the approval
of the Foundation, Beadle somewhat reluctantly embarked on the organization of
the new project, which had little relation to Neurospora work and which retarded
the rate of progress of whatever basic research he had been managing to push
forward. As young men were being drafted at an increased rate, he was also
experiencing some difficulty in holding on to the men on his team. "I'm afraid one
of the undesirable results of the war is going to be a missing generation of scientists,"
he wrote to the Foundation, lamenting the attrition.49

Nevertheless, by 1944 the conceptual foundations of the Neurospora projects
and the disciplinary merger of biochemistry and genetics were firm. Even though
war-related activities had retarded the rate of progress, some additional funda-
mental research was accomplished. By 1945, when the war ended, Beadle emerged
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as the leading authority in a new field linking physiological processes, biochemical
reactions, and genetic controls. An astute discipline builder, Beadle was fully aware
of the institutional innovations of his program and played up their importance.
When in 1945 he was invited to deliver the Harvey Lecture, he chose to discuss
"The Genetic Control of Biochemical Reactions" and to promote the conceptual
and disciplinary accomplishments of his research program.

Deploring the evident lack of interaction between genetics and biochemistry,
he referred to it as a "most unfortunate consequence of human limitations and the
inflexible organization of our institutions of higher learning. The gene does not
recognize the distinction—we should at least minimize it." Having been denied
membership in the American Chemical Society for not being formally trained as
a chemist, Beadle had an added gripe with academic rigidity.50 According to the
testimony of the officer of the Rockefeller Foundation who attended Beadle's
Harvey Lecture at the Academy of Medicine in New York, Beadle received a great
ovation. He concluded his lecture with the dramatic statement that until recently
some students in the university entered a laboratory through a door on which was
printed "Genetics Laboratory"; other students entered another door labeled "Bio-
chemistry Laboratory"; but in the future, genetics and biochemistry were to be
one subject.51

Not all researchers in the life sciences responded favorably to the innovative
aspects of Beadle's research program. Beadle's criticism of the intellectual and
institutional separation of genetics and biochemistry seemed to be partly a reaction
to the tepid reception of his innovations. According to Beadle, when in 1945 he
traveled across the United States on a series of 24 Sigma Xi lectures, he found
many skeptics but few converts to the new interpretation that genes control en-
zymatically regulated chemical reactions. Even in 1951, he said, the believers could
be counted on the fingers of one hand.52

Norman Horowitz recalled that, despite evidence to the contrary, many genet-
icists preferred to adhere to the old view that each gene was pleiotropic, that is,
manifold in its action. Limiting the influence of hereditary determinants to merely
regulating intermediate chemical reactions along a pathway was tantamount to
dethroning the gene (this atavism explains and confirms the persistence of eugenic
ideas). Some biochemists and physiologists thought that a microorganism was not
representative of mammalian physiology—that the chemistry of Neurospora was
too simple to prove a general rule. Others denounced Beadle's hypothesis on the
basis that his methodology was unverifiable and unfalsifiable. Max Delbriick, for
one, alleged that Beadle's conclusion was based on selection procedures ensuring
that only mutations supporting the theory would be detected. Certainly the infer-
ence that a given gene controls the production of a single enzyme, was opposed.
According to Horowitz, critiques published at the time were but pale shadows of
the unpublished objections that were voiced during the 1940s and early 1950s at
Cold Spring Harbor Symposia.53

Several salient features of Beadle's research were universally appreciated, how-
ever. The importance of the discovery of mutations that block the syntheses of
vitamins and amino acids was generally acknowledged from the start. Beadle did
succeed, at least partially, in blocking the circularity in the gene-enzyme dilemma
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of what genes are and what they do—whether genes are enzymes or only control
reactions catalyzed by enzymes. The interdisciplinary innovations, the combination
of theories and laboratory techniques from genetics and biochemistry, were cer-
tainly applauded by life scientists and by the Rockefeller Foundation.

Beadle's cognitive and disciplinary innovations, however, had been overinter-
preted and misinterpreted in earlier historical accounts. Celebratory comments
from scientists and historians have placed his work in the chain of events leading
to the identification of nucleic acids as genetic determinants and to explanations
of protein synthesis in terms of the "central dogma" (the sequence of events leading
from DNA replication to RNA transcription to protein translation). Thus R. D.
Hotchkiss wrote that "The whole development of modern genetics was comprised
of a sequence of great steps linking the formal concepts of classical genetics with
the science of matter. One such great connection between unit gene product and
the enzyme had been propounded by Garrod, furthered by Wright and Scott-
Moncrieff, and made experimental by Beadle and Tatum in the early 1940s."54

R. C. Olby, outlining the autocatalytic theory of life and its promotion by Troland
and Muller, claimed that "there is little indication in Beadle's papers that he was
influenced by such speculative ideas."55

The introduction of sharp discontinuities between "wrong ideas" and "correct
theories" and the emphasis on crucial experiments as necessary and sufficient
conditions for scientific success have tended to obscure the subtle and gradual
contributions that marked Beadle's intellectual program. These writings not only
overlooked the resistance to Beadle's formulations but underestimated the contin-
uities between Beadle and his predecessors in physiological genetics. Beadle was
firmly grounded in the protein view of the gene, with no particular appreciation
for nucleic acids as genetic determinants. Though familiar with the correlation
between mutagenesis and the absorption of ultraviolet radiation by nucleic acids,
and aware of Avery's work on the "transforming principle," Beadle viewed nucleic
acids as extragenic material that transferred the mutation-producing energy to the
protein gene.56 As late as 1952 Beadle spoke of the giant protein molecules as the
key to genetic and viral replication, antibody synthesis, and enzyme synthesis. His
firm grounding in the protein view of the gene fit well with Pauling's program.

Earlier histories have also ignored the institutional and social settings of Beadle's
work—the complex politics behind the development of his interdisciplinary science
and the role of the war. This context was central to his success. Beadle was fully
aware from the start of the commercial potentialities of his work and thus pursued
a two-tiered approach to biochemical genetics: the pure and the applied. This factor
too made him an ideal leader for Caltech's molecular biology program.

Beadle's Return to Caltech

In September 1945, when Pauling discussed the future of Caltech's molecular
biology with the officers of the Rockefeller Foundation, the negotiations to bring
Beadle back to the Institute were already well on their way. Offering Beadle a full
professorship in May 1945, Sturtevant (head of the biology division's executive
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committee) informed Beadle that "The department has gone over the business and
the staff has unanimously voted in favor of the scheme with considerable show of
enthusiasm." Their excitement was matched by that of Millikan.57 The letter marked
the beginning of a five-month effort to once again persuade Beadle to return to
Caltech. Pauling, now a member of the Institute's Board of Trustees and its liaison
to the Rockefeller Foundation, would exert decisive influence on the process that
culminated in Beadle's chairmanship and in drawing the blueprints for a world
center for molecular biology.

It was no easy task to lure Beadle to Caltech. Despite the close personal and
professional ties that Beadle had maintained with members of the biology division,
he had little incentive to return to Caltech. He was now leading a thriving program
of biochemical genetics at Stanford and was well aware of the problems of Caltech's
biology division and the obstacles to full partnership with Pauling's group. As
Sturtevant admitted to Beadle, "I don't have to tell you that the place isn't perfect."
The toughest situation confronting Beadle would be the unruly expansion of com-
mercial agricultural interests and the internal conflicts it had created in the division.
Sterling Emerson could provide Beadle with intimate knowledge of departmental
matters, and Sturtevant promised to do everything in his power to help supply
"more dope-atmosphere, arguments, advice, etc., etc."58 Well seasoned in the
politics of interdisciplinary science and in coordinating projects involving university,
industry, and government, Beadle would be exceptionally well suited for the task.

Figure 21 G. W. Beadle
and A. H. Sturtevant.
Courtesy of the California
Institute of Technology
Archives.
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However, with a secure future at Stanford and a strong offer from the Wistar
Institute, Beadle decided against this risky lateral move.

Pauling, however, would not let this opportunity slip by. Backed by Millikan
and the Board of Trustees, and bypassing the biology division, Pauling insisted
that Beadle should be offered greater incentives: He should receive a higher salary
and an offer of the division's chairmanship, a position commensurate with his
projected power. This appointment would enable him to redirect the division's
course through changes in policy and staff and to propel the molecular biology
program to the vanguard of American science. At stake was not only the future
of the biology division but that of the chemistry division and of the Institute as a
whole. Under Beadle's leadership of the biology division, in cooperation with
Pauling's division, the Rockefeller Foundation would invest large sums in molecular
biology at Caltech, thus scaling the program up closer to Pauling's visions. Although
Sturtevant did not share these grand ambitions and thought that such large sums
were not necessary, he did approve the scheme and seemed genuinely pleased to
step down and hand the reins to Beadle.59

The added incentives placed the situation in a new light. Although the move
would entail some risks, Stanford was not perfect either: Obstacles to developing
a major molecular biology program existed there as well. Unlike Caltech, the
university had not developed mechanisms of interdepartmental cooperation, a sit-
uation that could potentially limit Rockefeller support. For example, a memo
circulated in 1945 strongly urged Stanford's life science faculty to develop coop-
erative research on proteins, enzymes, genes, and viruses in order to qualify for a
large outside grant (undoubtedly from the Rockefeller Foundation).60 Refusal or
inability to cooperate discouraged Rockefeller Foundation support and could turn
into institutional and career liabilities. These factors affected Beadle's program
directly. He had experienced difficulty joining forces with Hubert Loring at Stan-
ford's biochemistry department. Having done his postdoctoral research on the
tobacco mosaic virus at Stanley's laboratory at the Rockefeller Institute during the
1930s, Loring exemplified that research school, stressing a purely chemical approach
to biological questions. Like Stanley, Loring had little regard for biological meth-
ods; and after a short collaboration with Beadle, he failed to develop an appreciation
for Neurospora genetics.61

"I must confess I have been disappointed that we have not arranged a more
effective scheme for getting together with Loring," Beadle wrote in September
1945 in response to the Rockefeller Foundation's request for assessing Loring's
cooperative performance. "However, several of us in Biology have felt that he just
doesn't have enough of the biological point of view to see the possibilities in the
Neurospora work. In addition it is evident that he is a strong individualist in science
and therefore not easy to work with on a really cooperative basis."62 Strong in-
dividualism had become an institutional liability and had little value in Rockefeller
Foundation's project science. The Foundation urged Beadle to cultivate Loring a
bit and expose him more fully "to the beauties of Neurospora work," eventually
securing Beadle's promise to renew his efforts "to make a convert out of Loring."63

The Foundation's support of molecular biology at Stanford hinged on strong co-
operative ties with the biochemistry department.
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It is likely that the obstacles to developing a cooperative venture with Stanford's
unsympathetic biochemistry department contributed to Beadle's decision to return
to Caltech. Further expansion of biological genetics at Stanford would be jeop-
ardized by the tension between the biology and biochemistry departments. As
Beadle put it, "Our experience has been that to get the biochemical aspects of the
work done we have to have sympathetic biochemists working right in the same
laboratory where biological aspects of the work are being done."64 Beadle's ex-
perience at Caltech during the 1930s had approximated that ideal. Although major
collaborative projects between the biochemistry, biophysics, physiology, and ge-
netics groups had not yet developed, there existed a spirit and a mechanism of
cooperation. Graduate students, postdoctoral fellows, and visiting scholars worked
in close proximity to staff members in the various departments within the biology
division. At Caltech, at least, there were no institutional obstacles in the way of
those who sought interdisciplinary cooperation. Also, Caltech's graduates, such as
Bonner and Horowitz, who now worked with Beadle at Stanford, were well trained
in the cooperative approach. In fact, they were rather unusual in their command
of interdisciplinary skills in biochemistry, developmental biology, and genetics
(Bonner, Horowitz, and others from Beadle's group at Stanford would join him
at Caltech). With Pauling's enthusiastic cooperation and an offer of the division's
chairmanship, buttressed by Rockefeller resources, they could create a world-class
molecular biology program.

"I am very happy to say the answer is 'Yes,' " Beadle wrote to Pauling on
October 8, 1945. "I am sure everything will work out well and I want to thank you
for the role you have played in making it possible for us to become a part of the
best chemical-biology group.in the world."65 It was a great moment for the Institute.
The promise of Beadle's leadership infused a new spirit of optimism in biology,
chemistry, and in the Institution as a whole, "I don't mind letting you know now,"
wrote Millikan in his congratulatory letter,

that although I never had what I would regard as an intimate personal acquaint-
ance with you, on account of the judgments of all of the then members of the
Biology Division I was greatly chagrined when Dr. Morgan, apparently out of
sheer kindness to Stanford, let you out of the department here when you originally
went to Stanford ten or fifteen years ago [sic], and while I was exercising the
responsibilities of Chairman of the Executive Council I schemed repeatedly with
the members of the department for getting you back.66

Millikan went right to the heart of the problem. Quick decisions had to be made
on the long-range directions of the division, and Millikan wanted to know if Beadle
was fully informed on departmental politics and financial issues. "I refer in this
letter particularly, first, to the large progress of Went's [sic] in the field of plant
physiology," Millikan explained. Was Beadle acquainted with Went's plans for
expanding his research programs on plant growth by nearly 10-fold, Millikan quer-
ied. His description of the financial plans surrounding Went's new projects com-
municated strong reservations. He stressed to Beadle that:

Obviously that kind of a program ought not to be entered into unless you, as
Chairman of the Department, and all your advisors in the Department are thor-
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oughly sold on this form of expansion, which of course, like all steps that involve
expansion, raise [sic] the question which should be always the first consideration
confronting decisions of any kind, namely, is this the sort of vital thing that can
be done at this time, or should it take its place farther down in the list of new
developments?67

Caltech's biology was never intended to play a service role to California's agri-

business. It was only by default, in lieu of effective leadership for Caltech's mo-

lecular biology program, that the plant physiology group had seized control of

departmental resources and directions.

Beadle, of course, was well aware of the problems of Caltech's biology division.

He was also well versed in the politics of agribusiness research and would thus be

effective in managing a division in which such research played an important role.

However, Beadle's primary focus would not be agriculture. Looking ahead to the

scientific opportunities during the postwar era, Beadle and Pauling would design

a cooperative scheme based on the giant protein molecules—genes, enzymes,

viruses, antibodies—a molecular biology program of unprecedented scope.
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INTERLUDE II

At A Crossroads: Shaping of
Postwar Science

Rockefeller Foundation and the New World Order

"Shall we be free to 'work as we please'?" wondered the influential Rockefeller
trustee Henry Allen Moe in 1944 in his triangulations of European, American, and
the Foundation's interests. No one knows what Europe will be like after the war,
he admitted, but it will be different and probably less favorable to the Foundation's
activities. Up until the war, he reassured his colleagues, Europeans perceived
America as a neutral and generous world benefactor, making Europe particularly
accessible to American ideas and technologies. This perception enabled the Foun-
dation "to foster directly or indirectly, certain 'American-born' ideas, without
provoking any suspicion of ulterior motive—everything that came from America
in the way of ideas was regarded as a sort of Gospel. This will no longer be the
case," he warned.

America was no longer seen as neutral and was perceived to be committed to
"a policy of status quo conservatism which runs against the impulsive ideologies
characterizing certain phases of the present conflict." No matter how divided the
Europeans were, he warned, they were united on one point: their fear that after
the war "Americans will try to impose their views and 'Weltanschauung' upon them;
and they are equally united in their 'determination to resist it at all costs.'" This
attitude would impede the Foundation's international activities, he predicted, par-
ticularly in areas related to the social sciences.1

He predicted that the Foundation would be constrained by a growing govern-
mental (United States and European) presence in international projects, threat-
ening to leave the Foundation with "second-rate things to do." Some advocated
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fence-sitting until order was restored, but Moe called for swift action. The Foun-
dation should be on the spot during that "immediate period . . . so that we may
find our place in the European world while that 'world' is still 'fluid,' since if we
wait for things to 'harden,' it may be more difficult for us later." Think in terms
of construction rather than reconstruction, he urged.2

The Foundation, of course, was no stranger to war work and reconstruction.
Born on the eve of World War I, the Foundation's war activities antedated its
peacetime programs abroad; the European reconstruction projects guided the
Foundation's interests through the interwar period. Grants and fellowships in all
divisions amounting to nearly $50 million had been appropriated to institutions
spanning 22 countries from Scandinavia to Eastern Europe, with Great Britain,
France, Belgium, and Germany (in that order) receiving about 70 percent of the
total. The International Health Division supported health services and the study
of specific diseases; research projects in the medical sciences division concentrated
principally on mental hygiene; the natural sciences division expanded the molecular
biology program; the division of social sciences invested heavily in training centers
for economics and foreign relations; and the humanities sponsored a small program
of projects and fellowships. In fact, these activities, in conjunction with those of
the Council on Foreign Relations, helped shape American foreign policy, investing
political, military, and economic aims with the support of research. World War II,
however, had a near-paralyzing effect on Foundation programs in Europe. With
the exception of a handful of research and aid projects, the Foundation essentially
lost contact with Europe. The world became a black box.3

Following Moe's suggestion, the Foundation reversed this trend promptly. Ever
since V-J Day, according to Raymond B. Fosdick, all five divisions had participated
in the effort to restart European research and connect it with that in the rest of
the world. Modest grants were appropriated to various institutions on ad hoc bases
while the trustees deliberated postwar policy questions (decisions to be formulated
during the autumn of 1946). The officers of the natural science division returned
to Europe in April 1946 for the first time after the war to reestablish contacts and
gather data. The problem of physical reconstruction was wholly beyond Rockefeller
Foundation resources, they judged; and in any case, the Foundation's program and
policy were still being discussed. There was "no present indication whatsoever of
any intention to diminish our past and historical interests in European science,"
Weaver quoted from R. B. Fosdick's 1945 annual review. "On the contrary, we
have every intention of opening up our program in Europe as promptly as possible."
The natural science division expected to resume long- and short-term support for
experimental biology in Europe during the coming year.4

In December 1946 the special committee launched its new policy: accommo-
dating its work to a new world order, where anticommunism became an organizing
principle behind the intensified efforts toward internationalism and cooperation
dominated by Western interests. The fundamental commitment to the human sci-
ences was to remain, though modifications of earlier programs would ensure more
effective implementation of prior goals in the face of greater challenges. The po-
litical, economic, and social institutions are unstable and disorganized, the trustees
lamented; in the democratic world, moral confusion and uncertainty prevail; outside
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that world, fundamental values essential to the well-being of mankind are denied.
It was more evident than ever that our knowledge greatly exceeded our capacity
to control, they noted under the atomic cloud of guilt.5 The Berkeley cyclotron
project, financed by the Rockefeller Foundation, was diverted during the war years
from its putative medical applications to the production of fissionable material. "If
it had to be, I am glad we were not in our ivory tower," Fosdick later rationalized.
However, they would have preferred to distance themselves from the dubious honor
bestowed by Ernest O. Lawrence, who unwittingly boasted that "if it hadn't been
for the RF, there would have been no atomic bomb." As Fosdick saw it, the
Foundation now shared the awesome prospect of writing the "world's obituary"
and shared in the responsibility of controlling the future use of atomic energy.
Bracing for the challenges ahead, the Foundation would intensify its efforts in the
social universe.6

Thus policy objectives would follow Fosdick's old dictum: "The proper study
of mankind is man." Guided by the "sailing directions" of the 1930s, projects would
be distributed along three broad categories: human behavior—psychiatry, psy-
chology, social anthropology, and experimental biology; national life—projects
promoting political, economic, cultural, and spiritual values; and international
understanding and cooperation—support of the activities of the United Nations,
cross-cultural and linguistic projects, public health, and "other constructive work
in foreign countries exemplifying good neighbor morals and ethics of universal
brotherhood." The committee also reiterated the Foundation's 1934 decision to
place even greater emphasis on the application of knowledge; to support research
as an instrument of social engineering. "What has changed," they stressed, "is the
time factor. There is urgency today."7

The divisions' projects would reflect these objectives. The natural sciences di-
vision would not support the physical sciences, except in special cases, for instance,
the completion of Caltech's Mount Palomar Observatory. The division would con-
fine itself to the biological sciences, including nutritional science, and the agricul-
tural work in Mexico (in operation since 1941). The medical sciences would broaden
their scope to add physiological and abnormal psychology to the ongoing programs
in neuropsychiatry, neurology, endocrinology, and sexual behavior. The interest
in the social sciences would intensify substantially. "Even if there is government
support for social science," the trustees elaborated, "the political interest in this
field is likely to be such that completely private research detached from political
interest will be especially desirable." The Foundation's emphasis on the social
sciences (intended to redress the imbalance relative to the natural sciences) aimed
at providing world leadership in these fields. The humanities would concentrate
on intercultural understanding at home and abroad.8

Although the Foundation voted for the maintenance and expansion of the pri-
mary routes to the "the well-being of mankind throughout the world," some of
the road signs had changed—those related to eugenics and social control. The
linguistic discontinuities between program descriptions of the early 1930s and late
1940s are particularly striking in light of the Foundation's implicit ongoing com-
mitment to the biology of human behavior. The policy discussions of the early
1930s still reflected, through linguistic slips and semantic variants, the struggle with
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the stigma and promise of eugenics, race biology, and social hygiene. Having
rejected the wayward Davenportianism, the Foundation nevertheless had placed
the genetic control of human behavior at the center of its "psychobiology" program
during the early 1930s, acknowledging that the goal of breeding a physically and
mentally superior race was predicated on fundamental research in genetics, phys-
iology, and neurophysiology. Throughout the 1930s, 1940s, and into the 1950s the
Foundation supported a number of research projects in "human genetics," including
the study of hereditary diseases at the Gallon Laboratory (University of London)
and the genetics of mental defectiveness at the University of Copenhagen. In fact,
Alan Gregg's long-standing commitment to a sound eugenics had been inaugurated
as the project of behavioral genetics in 1945. Unlike the 1930s, however, the policy
discourse of the late 1940s reflected the emergent taboos surrounding the Holocaust,
and the reports were sanitized of all rhetorical traces of eugenic goals.9

Gone also the rhetoric of social control. Ubiquitous in sociology discourse, social
control during the 1920s and 1930s had concrete technocratic meanings for the
rational management of society. Whereas policy discussions during the 1930s were
literally conceptualized in terms of individual and group control—research aimed
at "control through understanding"—these terms were absent from postwar dis-
cussions; neither the biological nor the social sciences were promoted as furnishing
the rational bases for social control. The term largely disappeared from postwar
annual reports of the Social Science Research Council as well as from mainstream
sociology textbooks. It appears that the stigma of fascism and Nazism, which infused
terms such as "social hygiene," "eugenics," and "race biology" with politically
specific connotations virtually eliminated the usage of such expressions as "social
control" and "rationalization of human behavior." The changing politics of meaning
demanded alternative rhetorics. The promotion of the study of human behavior—
research and applications—was articulated during the late 1940s in terms of "under-
standing" and "international cooperation" through a language divested of the spe-
cific tropes that had characterized nearly half a century of corporate-academic
discourse.

The policy's basic structure would also remain in place. Looking back to the
1930s, the trustees quoted from Fosdick's speech to emphasize the prescient wisdom
of interdivisional cooperation.

Whether the problem was national defense or the fighting power of the armed
forces or public health or making an atomic bomb, it immediately overflowed the
boundaries of the natural science into the area of social relations; so that in the
end there were no boundaries, no lines of separation. Instead there was a vast
single problem which had to be met with all the tools of knowledge that were
available. This is the direction in which the tide is moving.10

Fosdick, of course, was neither praising the war nor advocating government pa-
tronage of research. He deplored the disruptive effects of war work, which placed
a crippling mortgage on the future. "The feverish activity of scientists in war time
is essentially not scientific," he pronounced, echoing F. B. Jewett's argument that
neither war nor government were good for science. Fosdick merely elevated the
cooperative structure of war work, a model that had inspired the organization of
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American science since World War I.11 What did change after 1945 was the Foun-
dation's amplification of international, especially European, interests. As Moe had
predicted, the new world order, increasingly polarized by the escalation of the Cold
War, posed unprecedented challenges to American political and economic goals
and to the Foundation's international aspirations. A handful of officers and trustees
might have been a bit uncomfortable with the force of the "Truman doctrine," but
they all cheerfully embraced the Marshall Plan. Announced during mid-1947 and
launched in 1948, the plan financed a massive recovery program to Western Europe,
($12.4 billion, or 1.2 percent of the United States gross national product) to stim-
ulate production and trade, the governing logic being that a stable free-market
Europe would be resistant to the virulence of communism. A softer version of
containment, the Marshall Plan supplied a framework within which Foundation
activities could be aligned with foreign policy.12

The Foundation, in fact, helped shape the course of the Marshall Plan. Under
the leadership of Allen W. Dulles (brother of Rockefeller trustee and Eisenhower's
Secretary of State John Foster Dulles), the Council on Foreign Relations undertook
in 1948 a research project for the Economic Cooperation Administration to for-
mulate prescriptions for postwar Europe in relation to other parts of the world.
Its conservative advisory membership included Dean Acheson, Dwight Eisen-
hower, David C. Lilienthal (chairman of the Atomic Energy Commission), Isaiah
Bowman (president of Johns Hopkins), and Columbia physicist Isidor Rabi. Run-
ning concurrently with the Marshall Plan, the Council's project addressed policy
issues of industrial and agricultural production, as well as realignment of trade
patterns within Western Europe and between Europe and the rest of the world.
Though the Foundation officers often liked to portray their support of scientific
research as politically neutral—blind to flags and borders—in fact, foreign policy
assessments and prescriptions supplied guidelines to Foundation's interests abroad.13

The emphasis on international relations received an even sharper definition with
Chester Barnard's presidency of the Rockefeller Foundation (1948-1952). Former
president of Bell Telephone, Barnard had distinguished himself through his the-
oretical analyses of business organizations; his professional circle including Har-
vard's luminaries L. J. Henderson, Elton Mayo, W. B. Donham, A. N. Whitehead,
and A. L. Lowell. Viewing all organizations as "cooperative systems," Barnard
(later in collaboration with Herbert A. Simon) had developed academically ac-
claimed models of organizational equilibrium that could be extended to all social
exchanges. The presidency of the United Service Organization (USO) during World
War II, followed by his work on atomic energy for the State Department, per-
manently neutralized his academic proclivities. By joining the Rockefeller Foun-
dation Barnard could apply his organizational model of cooperation on an inter-
national scale.14

Barnard encapsulated the Foundation's tripartite agenda as "Population, Com-
munication, and Cooperation," spanning a continuum of biosocial, sexual, and
environmental problems: languages, cultural anthropology, political science, the
humanities, problems of ethics, morals, and human relations. "What is the bearing
of endocrinology or pathology on the moral assessment of human behavior? What
is the relevancy or application of ancient codes of individual behavior to modern
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Figure 22 Chester
Barnard. Courtesy of the
Rockefeller Archive Center.

corporate action?" Deep linkages existed between such seemingly disparate cate-
gories, Barnard hinted. Whatever the answers, he was unequivocal about one point:
the limits of the scientific control of nature.

Inherent in our systematic efforts to promote the welfare of mankind there may
be an assumption that . . . by reason and science we may govern the future of
unborn generations in ways that we know are right. . . . The bombastic phrase
"control of nature" is a by-word of the literature of the day. Do we mean that
because we have learned to navigate the tides we shall also control them? Because
we have learned to clothe ourselves and to provide shelter we shall also control
the winds? We have already begun the attempts to regulate local weather. Where
do we think we shall stop—with the control of the speed of rotation of the earth,
of its revolution about the sun? Shall we also learn to control the chain reaction
in the sun whence comes all our life and power? Pride goeth before a fall. All
our efforts will promote only disaster if they are not done in the humility appro-
priate to our ignorance, never forgetting that we have not made the earth or the
heavens above it.15

Given this wisdom, it is paradoxical that Barnard did not hear the dissonance
between his poignant words and the Rockefeller Foundation's agenda in biology,
where the primary justification for studying the fundamental mechanisms of soma
and psyche was the promise of intervening in the course of human behavior on a
global scale.

The intensification of international activities paralleled the scaling down of do-
mestic projects. True to Moe's prediction, growing government intervention in
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science threatened not only to push the Foundation to the margins but also, as the
officers saw it, to fundamentally subvert the form and content of the American
research enterprise. The challenge began with the initiative of Senator Harley M.
Kilgore, who, having been inspired by wartime mobilization, formulated by 1944
a legislative program for peacetime science. The key element in his plan was a new
federal agency, a National Science Foundation, under the direct control of the
President.16 Not everyone shared his enthusiasm. The opponents to Kilgore's plan
in the private and public sectors spanned the spectrum, but the most effective
opposition and ultimately the lasting influence came from Vannevar Bush, director
of the Carnegie Institution of Washington and principal architect of the Office of
Scientific Research and Development (OSRD).

Nurtured on Hoover's vision of privatized cooperation, the conservative Bush
was no lover of the New Deal or a champion of government planning of science.
Nevertheless, perceiving the altered future and adapting to the winds of the atomic
age, Bush proposed a new deal for research in step with some of the dominant
national trends.17 His plan, Science the Endless Frontier, called for a federally
funded science geared toward the nation's political and economic agenda but not
controlled by the President and Congress. Bush too called for establishment of a
National Foundation of Science but wanted it to be a government-sanctioned and
supported agency controlled directly by scientists. In addition to promoting the
best science, the new foundation would give priority to research areas of importance
to the national goals of defense, medicine, and civilian technology. Biology and
the social sciences were conspicuous by their absence. Although in some ways the
targeting process followed the Rockefeller Foundation's policy under Warren Weaver
(no peer review, for one), the funding mechanism was based primarily on the
OSRD contract model and that of the program of the Office of Naval Research
(ONR), in scope and structure the most significant federal organization for research
during the early postwar years.18

Warren Weaver was deeply embroiled in these debates, and in various formal
and informal capacities he helped shape science policy after 1945.19 He chaired the
advisory committee of the ONR and was a key member on Bush's advisory com-
mittee (the Bowman-Tate Committee). Weaver strongly objected to Bush's scheme.
The subordination of biology to medicine, the privileging of physics and engi-
neering, and the emphasis on applied science rather than pure research were merely
symptoms of a deeper malaise, Weaver thought. His opposition reflected a fun-
damental divergence in social philosophy. Although conceding the effectiveness of
cooperative war projects and government's efficient organization, Weaver trum-
peted Jewell's "proof" againsl war-modeled government-sponsored science. His
vision of postwar science and Ihe rebuilding of experimenlal biology never slrayed
far from Ihe cozy nest of private sector science, lenaciously gripping Ihe vesliges
of power of Ihe prealomic era.20

Like his menlors and his colleagues al the Rockefeller Foundation, Weaver
opposed the reorganization of American science under federal control and objected
to the establishment of the National Science Foundation. Propounding his vision
of a science unbridled by political or ideological constraints, Weaver dispatched a
passionate letter to the New York Times in 1945 titled "Free Science." Written in
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response to the celebrated editorial "The Lesson of the Bomb," Weaver objected
vehemently to the calls for concentrated mission-oriented peacetime research; sci-
ence functioned best and advanced most when scientists were free of government
intervention. In the short run, under the exigencies of battle, government could
coordinate technological feats, he conceded, but in the long term scientific talent
could not be pushed in predetermined directions.21 Exalting the modus operandi
of private sector science, Weaver celebrated the modus vivendi of

free scientists, following the free play of their imaginations, their curiosities, their
hunches, their special prejudices, their undefended likes and dislikes . . . some-
times working in austere isolation, sometimes in cooperative teams. . . . One can
no more produce fundamental and truly original work by means of some grand-
over-all planning scheme for science than one can produce great sonnets by hiring
poets by the hour.22

Apparently, Weaver saw no contradiction between his conception of a free science
and the directed autonomy of life scientists who, through enormous incentives to
work cooperatively rather than in austere isolation, channeled their creative ener-
gies specifically along molecular lines.

Weaver's pleas for laissez-faire science were lost amid the choruses in praise of
federal sponsorship. The debates over the specifics of the government's role and
the form of the National Science Foundation (NSF) dragged on during the next
few years.23 When the National Foundation was finally established in March 1950,
it was a diluted version of the original Magnuson bill (Bush's version of the NSF
in opposition to that of Kilgore). Whereas the visionaries of the NSF had originally
conceived it as the government's chief sponsor of basic research, the agency emerged
as a mere element in a vast pluralistic infrastructure of postwar science, perhaps
equal in significance to the receding power of the Rockefeller Foundation in na-
tional science. As Fosdick had guessed in 1945 in response to queries about the
role of the Rockefeller Foundation during the postwar era, the Foundation's pro-
gram became more prominent internationally, but its activity declined domestically
in areas in which federal activity developed.24

Beyond concrete features and mechanisms, perhaps the most profound message
of Science the Endless Frontier was embedded in the ideology-laden frontier met-
aphor. Half a century had elapsed since Turner's "frontier thesis" first supplied
the discursive paradigm for expansionism and industrialization. The nation's phys-
ical frontiers had since been spent. The "Great West," tamed through hydroelectric
power, agribusiness, and petroleum, now also accommodated a mushrooming aer-
ospace industry. The pioneering spirit filtered through Turner's serviceable met-
aphor demanded more abstract frontiers, not limited by physical boundaries. Re-
sponding to Bush's maneuver for an executive request for a postwar science policy,
Franklin D. Roosevelt announced:

New frontiers of the mind are before us, and if they are pioneered with the same
vision, boldness, and drive with which we have waged this war we can create a
fuller and more fruitful employment and a fuller and more fruitful life.25

"The pioneer spirit is still vigorous within this Nation. Science offers a largely
unexplored hinterland for the pioneer who has the tools for his task," proclaimed
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Bush in his letter to President Truman, accompanying his masterplan for science.
"The Government should foster the opening of new frontiers and this is the modern
way to do it."26 Science, now a frontier in its own right, would justify its own
endless expansion.

Designing "Big Science": Caltech's "Magnificent Plan"

In December 1945 Linus Pauling (in collaboration with Beadle) submitted to
the Rockefeller Foundation a plan for molecular biology that was remarkable in
its scope, structure, and language. Deploying metaphors of exploration of unknown
terrains, the 25-page grant proposal charted "the great problems of biology." It
did so by placing heavy emphasis on group projects organized around scientific
technologies, on instrumentation as a driving force of knowledge and a dominant
conceptual framework for research, and on protein chemistry as the central par-
adigm of the new biology. With a price tag of $6 million, the new design called
for two new buildings and an annual budget of $400,000 spread over a 15-year
period, the most comprehensive and costly plan in the life sciences ever proposed
to the Foundation.27

It was somewhat of gamble, given the many anticipated changes internationally,
nationally, and locally; Pauling's extravagant visions had to be executed with skill
and precision. Beadle (still at Stanford) was "anxious to see how we come out in
the gamble with the Rockefeller Foundation" and was in favor of expediting the
grant application "for chemical biology or whatever it is to be called." He had not
thought of all the projects to be included but agreed with Pauling that the main
danger was lack of imagination.28 Pauling had discussed strategies with Weaver.
Regarding the question of timing, the application should be on hand by the first
of the year so it receives immediate consideration, Weaver suggested. The price
tag was another matter. Somewhat surprised, Weaver managed to keep himself
from dropping the telephone, according to Pauling, but communicated a strong
interest. Prodded by Pauling, Beadle dispatched within a few days tentative plans
of "how . . . Biology might be able to spend a quarter of a million a year." He
admitted that he found it staggering at first but realized "that with a bit of effort
one can get used to the idea." Seriously, though, he warned Pauling that a program
of such magnitude would need firm direction on all levels.29

At Caltech a president had not yet been appointed, and the administrative and
fiscal policies were still unclear, but Pauling assured Weaver that the Chairman of
the Board and the Executive Council had already endorsed the plan. "We believe
that the science of biology is just entering into a period of great fundamental
progress, similar to that through which physics and chemistry have passed during
the last 35 years," Pauling assessed from the upper rungs of the Comtean ladder,
"and we believe that the California Institute of Technology will be able to make
a very significant contribution to this progress during the coming decades."30

With rhetoric sparked by the euphoria of victory and by the seemingly endless
opportunities for growth, Pauling inaugurated his technology-based utopianism by
staking the welfare of humanity on progress of fundamental science. His prose
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Figure 23 Linus Pauling and George Beadle. Courtesy of the California Institute
of Technology Archives.

resonated with the national temper and the Foundation's sense of mission. Com-
paring the project in molecular biology to the 200-inch telescope at Mount Palomar
(recently funded by the Rockefeller Foundation), Pauling recycled Fosdick's images
of the telescope as a "mighty symbol, a token of man's hunger for knowledge, an
emblem of the undiscourageable search for truth.31 "The 200-inch telescope at
Mount Palomar will extend our region of knowledge of the great space about us
far beyond the island universes a million light years away," Pauling amplified
Fosdick's rhetoric. "We hope to extend similarly our understanding of the biological
structures of molecular dimensions, and to provide a firm basis for later work in
biology and for progress in medicine."32 Like astrophysics, the organization of
biological research would consist of project teams working in close collaboration;
postwar molecular biology was being transformed into "big science"—a multiunit
research enterprise centered around sophisticated technology. There was, however,
a fundamental difference between the molecular biology project and astrophysics,
Pauling noted. No single great instrument analogous to the 200-inch telescope could
probe the problems of biology; many tools were needed. In accord with the Foun-
dation's program, the emphasis would lie in focusing techniques of physics and
chemistry on the central problems of biology.

Pauling went to great lengths to outline these central problems. The fundamental
problems of biology and their solutions, according to him, were best understood
in terms of the dimensional characterization of life. Forty years ago, Pauling ex-
plained, the dark forest of the unknown stretched from somewhat less than 10 ~ 4

cm—the limit of the visible microscope—back indefinitely into the region of smaller
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dimensions. The extraordinary recent advances in physics and chemistry (notably
Pauling's own work on the electronic structure of molecules) had now begun il-
luminating the dark molecular landscape. Physicists, chemists, and biologists were
exploring the region from 10~4 to 10~6 cm with the electron microscope, and the
region from 10~7 to 1()~12 cm with x-ray and electron diffraction methods. Physicists
penetrated the atomic nuclei, below the 10"12 cm range. These activities, however,
bypassed a crucial locus. It was Pauling's conviction that the answers to the most
basic problems of biology—the nature of growth; gene and cell replication; enzyme
action; physiological activity of hemoglobin, drugs, hormones, and vitamins; and
neurological functions—were hidden in the folds of the giant protein molecules,
in the remaining unknown region of the dimensional forest, in the strip between
10-7 and 10-6 cm.33

The dimensional characterization of life was not new to Pauling. Researchers
since the nineteenth century have viewed life as a continuum from molecules to
higher organisms, wondering where the demarcation line between the inanimate
and animate should be drawn. For example, colloid chemists had credited molecular
aggregates around 10 6 cm—the world of neglected dimensions—with fundamen-
tal life properties. Some, such as Wendell Stanley, regarded giant virus molecules
as the "twilight zone of life."34 No biology program, though, had ever privileged
the lowest order of magnitude of structure as the exclusive domain of explaining
life, health, and disease. It is of special historical significance and illustrative of
the Rockefeller Foundation's pervasive influence that Pauling, a physical chemist
and an outsider to the dominant intellectual traditions of biology—traditions that
he neither understood nor respected—could boldly enter a new field and define
what was interesting, important, and worth doing in biology. By reducing biology
to the narrow strip between 10~6 and 10 7 cm, Pauling succeeded in promoting a
lasting trend of an interventionist technology-based biology.

As Pauling described it, the new biology was the combinatorial and convergent
effect of many technologies. The exploration in the new terrain could be accom-
plished only by combining the versatile tools of the physical sciences. Each ap-
proach—x-rays, ultracentrifuges, light-scattering techniques, biochemical assays,
isotope tracers, or the electron microscope—contributed only one piece of the
biomolecular puzzle. It was the sum of these techniques, through successive ap-
proximations, that could yield insights into nature's animate secrets. The crucial
feature here was that this molecular representation of nature was not merely aided
by various interventionist techniques. In Pauling's technological vision of life, bi-
ological representations were predicated exclusively on intervening.

The strip between 10 6 and 10~7 consisted of invisible entities that could be
"visualized" only through several modes of manipulation. In fact, Pauling stressed
that the search for new and powerful methods would be one of the aims of the
program. He outlined 15 group projects: x-ray studies of proteins, chromatography,
molecular weight and shape of protein molecules, electron microscopy, protein
chemistry, enzyme chemistry, immunochemistry, nucleic acid chemistry, serological
genetics and embryology, chemical genetics, virus studies, microbiology, general
physiology, metabolism, and biophysics. Some of these areas were already pro-
ductive, but others were in need of development.35
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The x-ray studies of proteins occupied a primary place in the plan. Accurate
determinations of structure had been made for only two amino acids (glycine and
alanine) and two peptides (diketopiperazine and glycylglycine); this work been
done at Caltech mostly prior to the war. The group intended to forge ahead and
obtain similar information on all the naturally occurring amino acids, several pep-
tides, and the prosthetic groups of proteins. With the availability of the sophisticated
x-ray spectrographs, cameras, and the IBM punchcard technology for speedy cal-
culations of Fourier analysis, Corey and his team could complete structural deter-
minations of amino acid crystals at an accelerated rate of about one crystal per
year.36

The crystallographic investigations would be complemented by biochemical stud-
ies of amino acids and proteins. This project aimed mainly at determining the order
of amino acid residues in polypeptide chains of various proteins, relying heavily
on chromatographic analysis. Chromatography—the technique of separating or-
ganic mixtures in solution by their differential rates of migration in glass columns
filled with different absorbing agents—was invented in Russia in 1906 but was
relatively neglected until the late 1930s. Its development was greatly accelerated
during the war years. In fact, Hungarian plant biochemist Leszlo Zechmeister, who
joined the Crellin Laboratory staff in 1940, was one of the pioneers in the revival
of chromatography.37 Though as a foreigner Zechmeister could not engage in war

Figure 24 Punch-card instrument for mathematical calculations for x-ray and
electron diffraction determination of molecular structure, ca. 1947. Courtesy of
the Rockefeller Archive Center.
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research, his chromatographic techniques were developed and refined by his Cal-
tech associate, Walter A. Schroeder. Working under OSRD contracts, Schroeder
developed a scheme of quantitative chromatographic analysis for systems containing
minute amounts of closely related substances; he would lead the group on protein
composition.

In addition to chromatography, the project would also utilize the newest methods
of fractional distillation, recent technologies of radioisotope tracers, and mass-
spectrographic analyses. A different but complementary vantage point on protein
structure and composition would come from studies of molecular weight, shape,
charge, and related physical properties of proteins. Under the direction of the
physical chemist and crystallographer Richard M. Badger, results from ultracen-
trifuge work, measurements of birefringence of flow, scattering of light, and elec-
trophoretic data would be coordinated with the findings of the crystallographers
in Corey's groups.38

Electron microscope studies were already in progress. Though a German in-
vention, the electron microscope was developed in the United States in 1940 by
RCA at their headquarters in Camden, New Jersey. Within a couple of years, their
electron microscopist, Caltech graduate Thomas F. Anderson, was engaged at RCA
in collaborative work including studies of the tobacco mosaic virus with W. M.
Stanley and bacteriophage work with Max Delbriick and Salvador Luria. Caltech's

Figure 25 Representations of molecular structure of the amino acid L-threonine.
Crellin Laboratory, 1947. Courtesy of the Rockefeller Archive Center.
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Figure 26 Chromatographic analysis at the Crellin Laboratory, ca. 1947. Courtesy
of the Rockefeller Archive Center.

chairman of the division of physics, mathematics, and electrical engineering,
W. V. Houston, had constructed an electron microscope before the war and was
now carrying out studies with the RCA model to increase its resolving power to
20 Angstroms. At that resolution it would be possible to obtain visual information
about such structures as viruses and genes. Pauling, who had had his eye on that
powerful instrument for a few years, was now determined to exploit it for biological
work.39

Carl Niemann's group spanned the widest range of studies; Niemann was con-
sidered to be chemistry's rising star. He would direct the work in organic chemistry
of proteins, isolating and characterizing simple naturally occurring peptides and
determining their composition and activities. His group would also study the mode
of action of polysaccharides in bacteria and viruses and the role of phospholipids
in neurophysiological functions. Closely tied to immunochemistry on the one hand
and to protein chemistry on the other, Niemann's project would also complement
the proposed study of enzyme chemistry, still a "paper project." Caltech had no
biochemists who could perform the kind of sophisticated physical enzymology that
Pauling had in mind. Borsook's old-fashioned metabolic analyses, tied mostly to
nutrition, were inadequate for the new project. Given the central role of enzymes
in physiology and genetics, Pauling intended to hire first-rate enzymologists as soon
as possible.40
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Figure 27 Equipment for the isolation and characterization of bioorganic sub-
stances. Crellen Laboratory, ca. 1947. Courtesy of the Rockefeller Archive Center.

The immunochemistry project under Campbell would generally continue along
the research path carved during the war, including the controversial problem of
manufacturing artificial antibodies. It would focus also on serological reactions in
relation to bacterial toxins, allergies, and similar afflictions. As before the war,
these studies would be loosely related to serological genetics and embryology in
an effort to gain insight into the question of biological and genetic specificity, for
example, Emerson's attempts at genetic modification by using antibodies.41

Although proteins were Caltech's primary focus, by 1945 Pauling and Beadle
acknowledged the potential significance of nucleic acids, especially in relation to
the gene problem. The gene was now generally regarded as a nucleoprotein, and
with the impact of Oswald Avery's 1944 discovery of the "transforming principle"
it was increasingly clear that chemical and structural studies of nucleic acids could
illuminate the problem of reproduction. This area too was still a "paper project"
and required assembling a group headed by a nucleic acids specialist, a rare breed
in United States. Ironically, Columbia's biochemist Erwin Chargaff, who, inspired
by Avery's discovery, had just embarked on chromatographic analyses of nucleic
acids, was anxious to join Caltech's program. Pauling's curt reply that there was
no suitable opening in chemistry or biology at the Institute effectively closed that
line of inquiry; neither the project nor the candidate received priority considera-
tion.42 A nucleic acids team was not assembled until the 1950s.
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Figure 28 Crellen Labora-
tory's high-speed centri-
fuge (20,000 rpm) for mo-
lecular studies of proteins.
Courtesy of the Rockefeller
Archive Center.

Beadle's section of the proposal detailed the work in chemical genetics in Neu-
rospora. Emphasizing the importance of combining biological and organic chemistry
methods, chemical genetics was portrayed as a bridge between these two previously
insular areas and a source of techniques for metabolic research. Beadle also stressed
the urgency of virus studies, a point hardly requiring justification at a time when
the polio epidemic was exacting a heavy toll on a terrified population. Viruses were
not merely a medical topic, he emphasized. These microorganisms were crucial to
understanding the gene problem and should be investigated by various physico-
chemical techniques, including the electron microscope. For this central project
Beadle had in mind Max Delbriick at Vanderbilt. As a closely related field, Beadle
hoped to develop microbiology in order to investigate the general properties of
viruses, bacteria, algae, and protozoa.43

General physiology needed attention as well. Utrecht physiologists C. Wiersma
and J. van Harreveld, imported by Morgan a decade earlier, were plodding along
their pedestrian path in neurophysiology, studying electrical conductivity in nerves.
The biology division, however, lacked a strong research program in general phys-
iology or animal physiology to supply broader interpretations to the molecular
studies on proteins, nucleic acids, vitamins, and hormones and to place Borsook's
work on intermediary metabolism within a more biological framework.44

The last area, biophysics, though thematically least coherent, was in a sense the
division's lynchpin. Originating with Morgan's appointee Robert Emerson, bio-
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physics at Caltech during the 1930s meant mostly photosynthesis research. In an-
ticipation of Delbriick's appointment, biophysics would now also include the ap-
plication of theoretical physics to phage. Being well connected with the international
physics community, Delbriick was expected to make biology atrractive to Caltech
physicists, thereby serving a dual purpose as biophysicist (a term he despised) and
virologist. A plethora of techniques were subsumed under the general rubric of
biophysics—electron microscopy, x-ray crystallography, ultracentrifugation, light-
scattering methods, radioactive isotope studies, mass-spectrography, and Geiger
counting—cutting-edge technologies that would become synonymous with Cal-
tech's prowess in molecular biology.45

Biophysics represented the extreme case of technology-driven research. If one
thinks back to biology as it was practiced only a few decades earlier, one is struck
by Pauling's cognitive construction of biology as a relay system of technologies
having a high degree of specificity with respect to particular problems. This design,
of course, captured the very essence of the molecular biology program as envisioned
by Weaver. It would be a mistake, however, to advance the structuralist argument
of the Foundation's imposing its policies on biological research. It would be equally
simplistic to adopt a functionalist view that Pauling was merely exercising his grants-
manship skills—deploying the appropriate rhetoric to obtain funds—as Pauling
trumpeted his interventionist conceptions of life on many other occasions unrelated
to fund-raising. Something more profound was at work: a cognitive and social
resonance. The Foundation's technocratic vision of social engineering and its rep-
resentational strategies were articulated on the discursive level of program and
policies; the scientist's technocratic vision of life was represented at the bench. The
primacy of Caltech on the Rockefeller Foundation's roster reflected these deeply
shared interests and convergent social and scientific ideologies.

The Rockefeller Foundation promised to offer significant support. The question,
according to Weaver, was how much and for how long. The Foundation was in a
state of transition, its future work fraught with political and fiscal uncertainties.
The debates over federal sponsorship of science signaled a greater government role
in American science. A corresponding decline of influence of the private sector on
science policy loomed ominously on the horizon, throwing the entire future of the
Rockefeller Foundation into turmoil; long-range commitments were definitely un-
realistic at that time.46 Given the global situation and America's emergent foreign
policy (soon to culminate in the Marshall Plan), the clearest and most pressing
need, according to Weaver, was to provide emergency relief to the war-damaged
European scientific community. Ironically, just at that time, the Foundation's office
was flooded with requests from American scientists "pleading that their grants be
at least doubled in order to take care of expanding opportunities and increased
costs." The Foundation's officers were supportive of Caltech's program and indeed
viewed it as a priority for the long-term future, Weaver assured Max Mason.
However, in view of the current turbulence, Weaver regretfully informed his men-
tor, they were in no position to think of funding in the immediate future any large
fraction of the program proposed by Pauling and Beadle.47

During that transition period—at Caltech and the Rockefeller Foundation—
the champions of the molecular biology plan lobbied vigorously on several fronts.
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As Weaver assured Mason, and as he further elaborated to John D. Rockefeller
III on May 1946, the program of physicochemical biology was central to the Foun-
dation's postwar goals; the welfare of mankind hinged on the understanding of
man, which in turn was grounded in fundamental biological research. Caltech's
proposal, Weaver repeatedly argued to the trustees, stood at the top of any major
program of the natural sciences division, being the most important plan for joining
biological and chemical forces. Without a doubt, it was a "magnificent plan,"
Weaver wrote to Beadle, underscoring his hope and willingness to help put it into
effect, even if it were on a more limited basis.48

As always, local support was key to securing grants. Mason, acting as liaison
between the Foundation, the Institute, and Pasadena's business community, was
fully aware of the Foundation's predicament; he was already at work, persuading
the Institute's trustees to support the plan. "We are using every opportunity here
to have our trustees become really enthusiastic over this field and make it a major,
if not the major effort at the Institute," Mason promised Weaver. "We will keep
on this course with a view to seeing what support in the community can be obtained
when the time is ripe. I hope this will not be too far distant, for both Pauling and
Beadle are at the peak of their productive capacity and we should use this to the
utmost."49

Their productive capacities were not measured strictly by laboratory research.
Beadle and Pauling were energetically tapping other sources of support for the
new biology. They approached the National Foundation of Infantile Paralysis (NFIP),
requesting 50 percent of the total sum on the grant, $3 million, over a period of
about two decades. The NFIP was a likely generous source. Founded in 1938 by
F. D. Roosevelt specifically to eradicate the dreaded polio epidemic, the NFIP had
been remarkably successful in raising funds for research related to viruses and
proteins. According to Weaver, it had also acquired a reputation of being an agency
high on funds and short on ideas. The NFIP did make a substantial contribution
to Caltech in January 1947, a five-year grant for $300,000, though a mere 10 percent
of the requested amount. Apparently the fact that they considered Pauling's work
on artificial antibodies to be nonsense and objected to the lack of viable virology
research at Caltech at the time of application, contributed to their reticence to
make a greater commitment.50

While in New York in March 1946 to negotiate with the NFIP, Pauling also met
with Weaver to impress upon him the gravity of the impending emergency at
Caltech. Beadle's Rockefeller grant and Pauling's own grant for immunology would
expire in a few months. Many of the staff members had been on OSRD salaries,
which would expire during the summer, and the original $70,000 per annum support
level had now dropped to half. The immediate outcome of the emergency, Pauling
reiterated a couple of weeks later, was that there were no funds for the program
on the structure of proteins. Could they at least obtain a one-year grant to continue
these crucial investigations? A month later, a $50,000 grant for 1946-1947 was
awarded to Pauling and Beadle for joint researches in chemistry and biology.
Although only a short-term infusion, the funds kept Caltech's molecular biology
program at a steady rate of growth during the transition phase.51
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In the meantime the period of administrative vagueness at Caltech was drawing
to a close. On May 1946 physicist Lee Alvin DuBridge, Mason's protege, assumed
the Institute's presidency. By most accounts it was a splendid appointment, the
choosers' first choice. At an administratively tender age of 45, DuBridge had
already garnered an impressive array of titles to his name: former chairman at the
University of Rochester Physics Department, dean of the Faculty of Arts and
Sciences, and director of MIT's celebrated Radiation Laboratory (1940-1946).
Almost single-handedly, beginning with 48 employees working in a space of 4050
square feet on radar—a "new toy with possibilities"—DuBridge had built up the
"Rad Lab" into the largest single-purpose scientific research plan in history, larger
even than the atomic bomb project. He had been a reasonably successful experi-
mental physicist but distinguished himself mainly by his enormous capabilities in
teaching, organizing, and managing. Having led war projects and large scientific
teams, DuBridge was experienced in fostering cooperative relations between ac-
ademe, industry, and the military.52

It would be difficult to imagine a candidate better connected with Caltech's
establishment or better suited to their goals. Born in the Midwest in 1902, Du-
Bridge, like his colleague Weaver, studied with Max Mason at the University of
Wisconsin, receiving his doctorate in physics in 1926. As recipient of the Rockefeller
Foundation's National Research Council Fellowship, DuBridge had worked at
Caltech with Millikan during 1926-1928, thereafter climbing steadily through the
ranks to reach by the 1930s one of the top places among second-generation physicists
in America. An associate editor of Review of Scientific Instruments and president
of the Rochester Optical Society, DuBridge had always shown a predilection for
the technological aspects of science, a particularly important asset for an institute
of science and technology.53

Figure 29 Lee A.
DuBridge, 1948. Courtesy
of the California Institute of
Technology Archives.
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According to DuBridge, it was Mason's influence, more than any other factor,
that persuaded him to accept that position. "It was your persuasiveness that brought
me to the Institute in the first place, and it was your support during the early years
which was so valuable to me," DuBridge recalled five years later on the occasion
of Mason's retirement. "For all that you have done for me since I first sat in your
class in Madison 28 years ago, I am most sincerely grateful."54 Weaver too was
elated,

Some time ago, and after extensive conversations with Max Mason, Jim Page,
and others, I wrote them a letter in which I listed individuals which I thought
they ought to consider. Looking back at the letter I find that I had you down as
the No. 1 candidate, and the other men mentioned were candidates 20 to 25,
inclusive, there being nobody between you and No. 20.

Weaver seemed particularly delighted with the new professional affiliation. From
the days of his apprenticeship with Millikan during the early 1920s, Weaver was
still technically on Caltech's faculty roster, he reminded DuBridge, "Thus I welcome
you as my new boss!"55 As James McKeen Cattell had observed more than two
decades earlier, Caltech and the Rockefeller Foundation often formed incestuous
relationships.

Within a month, at Weaver's request, DuBridge had canvassed Caltech's finan-
cial profile and particularly the situation at the Gates and Crellin Laboratories.
Once again, Pauling's immunology was a credibility gap in the molecular biology
program, and DuBridge had to assure Weaver that just as soon as "the money is
made available, Pauling will secure a competent immunologist, and I shall try to
see to it that he does." DuBridge also gathered some embarrassing information
regarding improper allocations of funds. "I can only assure you," he wrote to
Weaver, "that I am anxious, indeed, to see this entire matter straightened out,
. . . I shall try to see that if this new grant goes through that we start with a clean
slate and make it perfectly clear just where the money is going."56

The money flow would be substantially heavier than previously. According to
DuBridge, Caltech needed about $20 million within the immediate future for ad-
ditional buildings and endowment. He fully appreciated the Foundation's state of
flux and its inability to commit at this time the vast sum specified in the molecular
biology grant, but he urged the Foundation to support Pauling's program. "All the
information I have suggests that it is not only eminently worthwhile but might be
one of the most important enterprises in the country."57

Caltech's proposal was never actually turned down, but it would be nearly two
more years before the Rockefeller Foundation's trustees agreed to commit vast
long-term resources to Caltech's program. Though more limited in scope, their
commitment would eventually be encouraged by the remarkable expansion of the
molecular biology program over a period of two years and its diverse resource
base. In addition to another one-year grant from the Rockefeller Foundation, the
grant from NFIP, the Gosney Research Fund, and the Eversole Lecture Fund, life
science at Caltech was supported by 1948 through a wide network of grants and
contracts from government, pharmaceutical companies, and agricultural industries,
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as well as by gifts and endowments from Southern California's business community.
A substantial fraction of these resources was channeled into molecular biology.

Support for the biology division came from the American Cancer Society, the
Loomies Institute for Scientific Research, F. S. Markham, The Markle Foundation,
Merck and Company, Charles E. Merril, The Nutrition Foundation, Pioneer Hi-
Bred Corn Company, Purdue University Corn Research Fund, The Sugar Research
Foundation, Sunset Magazine, United States Public Health Service, the United
States Rubber Company, Williams Waterman Fund for the Combat of Dietary
Diseases, and the Research Corporation. Research in protein synthesis and radia-
tion genetics was being supported through contracts with the United States Atomic
Energy Commission, operating through the Office of Naval Research; and research
in corn cytogenetics through the United States Department of Agriculture. It was
evident that Beadle's fund-raising skills and the strong links he had forged with
commercial concerns and government agencies while at Stanford were now a boon
to Caltech's biology division and to the molecular biology program. Clearly his
managerial style was an effective complement to that of Pauling.58

DuBridge proudly reported to Weaver in 1948 the swelling budgets of chemistry
and biology under his administration. Chemistry's budget climbed from $222,000
in 1941-1942 to $502,000 in 1947-1948. More significantly, the budget of biology
had risen from $134,500 in 1941-1942 to $403,000 in 1947-1948.59 Undergraduate
enrollment grew from 640 just before the war to 800, and the graduate school now
had 600 students. Beadle was campaigning to triple the number in the biology
undergraduate body and to double the graduate student body in biology.60

Caltech had already taken large strides to realize the "magnificent plan." Two
senior professorial appointments had been made. John G. Kirkwood, a prominent
protein chemist and an expert on electrophoresis from Cornell would lead the
research on physical chemistry of proteins; and Max Delbriick from Vanderbilt,
the maverick leader of phage genetics, would head virology and play a leading role
in biophysics and electron microscopy. Norman H. Horowitz, a graduate of Cal-
tech's biology division who had worked with Beadle at Stanford, was now appointed
associate professor of chemical genetics to study the relation between genes and
enzymes in Neurospora. Ray D. Owen, an immunologist from the University of
Wisconsin and former Gosney Fellow, was appointed associate professor to head
the team in serological genetics.61

A spirit of great optimism enveloped Caltech. The bonds between science,
government, and industry promised to accelerate the production of knowledge,
stimulating technologies that would penetrate life's deepest mysteries and control
man's biological destiny. The exploration of the endless scientific frontier coincided
with the dawn of an era of seemingly unlimited opportunities and resources. "I am
very optimistic about the way things are going," Beadle wrote to Weaver in May
1947. "Lee DuBridge is doing a wonderful job and the effects are very evident.
Morale throughout the Institute has taken a marked upward turn during the past
year."62

When DuBridge resubmitted the grand plan for molecular biology in February
1948 to the Rockefeller Foundation, he could point to the striking changes that
had taken place since 1946. Many of the activities originally planned were already
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in effect; some had gathered considerable momentum. In keeping with Foundation
policies, the grant would stimulate rather than initiate growth. "It can now be said
that the program proposed to the Foundation is no longer largely a paper one, but
is a program actually under way, at least in rudimentary form, but which needs
only substantial strengthening and expansion in certain critical areas." Despite the
diverse resource base, the requested amount did not change substantially. Due to
rising costs and salaries, and because of constraints inherent in some of the other
short-term grants, DuBridge explained, the support requested from the Foundation
came to $350,000 per year for 15 years.63

No harm in trying. They were skilled maneuvers indeed, but the chance for a
financial investment of that magnitude during the turbulent period at the Rocke-
feller Foundation was negligible. Such a financial commitment was completely out
of line; and, according to R. B. Fosdick, 15 years was too long a period. Weaver
fought heroically for his most important project. In a confidential letter to DuBridge
on the outcome of his meeting with the trustees, Weaver reported that he had
hoped it would be feasible to propose a $1 million project for 10 years, but to no
avail. In characteristically hyperbolic Foundation language he explained that "the
somewhat terrifying atmosphere of the moment, and the fact that many of our
Trustees have such responsibilities and such knowledge as makes them peculiarly
sensitive to the present uncertainty, has led to the conclusion that it would be
definitely unwise to propose a grant as long as this or for as much money. . . . I
remain very hopeful that they will make a substantial contribution, and in any
event, I can assure you that the officers will present the item with all the persua-
siveness they can command, for we feel very strongly that it is absolutely first-
rate."64

Given the circumstances, it was indeed a great coup for Weaver and Caltech to
have persuaded the trustees to appropriate a $700,000 grant in 1948 for a period
of seven years—still one of the largest research grants ever to be received by the
Institute. It was great cause for celebration, and DuBridge saw to it that it received
ample publicity. Sporting a different service role, in step with postwar trends, the
program deployed a rhetoric of legitimation quite different from the discourse of
the 1930s. Though not affiliated with medical schools, Caltech's biology was now
portrayed as advancing medical knowledge. Under DuBridge's guidance the news
release (presumably drafted by Beadle) described the long-term grant in molecular
biology as an attack on the fundamental problems of medicine: molecular structure
of proteins and nucleic acids, self-replication of viruses and genes, and problems
of cellular differentiation.63

Gone was the rhetoric of biological improvements of the race, which still trailed
behind the grant for biology and chemistry just a decade earlier. Gone also was
Caltech's connection to the old eugenics. With the death of E. S. Gosney in 1942,
the trustees of the Human Betterment Foundation (including Millikan and a few
Caltech trustees) agreed that the Foundation's interests would best be served by
transferring its activities to Caltech. In October 1943 an agreement was drawn up,
dissolving the Human Betterment Foundation as such and turning over its assets
to the Institute. The Institute, in turn, agreed to use these resources "and the
proceeds thereof to establish the Gosney Research Fund, the income from which
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will be devoted in perpetuity to the promotion of research into the biological bases
of human qualities and for making known the results of research for the public
interest." Linguistically watered down from its eugenic potency, the Gosney Fund
would support postdoctoral fellowships in "those branches of biological science
basic to our understanding of human welfare."66

The New York Times too refurbished its prose. The announcement emphasized
the medical connection: "$700,000 to Trace Polio and Cancer—Rockefeller Grant
is Made for California Institute Research in Molecular Biology." The article stressed
that the future progress of medical science rested on the new knowledge in chemistry
and biology and that modern medicine could no longer be content with cures that
were not based on fundamental scientific understanding. "Our program is not aimed
directly at a cure of human disease," DuBridge was quoted as saying, "nevertheless
the knowledge which is sought is basic to the development of future treatment of
some of mankind's most serious ailments."67

It was not the only instance where the Caltech-Rockefeller axis exerted consid-
erable power over its image-making in the public media. Soon after the award of
the Rockefeller grant, George W. Gray, America's most prominent science writer
and staff member of the Rockefeller Foundation, visited Caltech to write a story
for Scientific American. No stranger to that network, Gray had visited Caltech
before to prepare Confidential Monthly Reports on Caltech for the Foundation's
trustees. The cozy collaborative relations resulted in his article entitled "Beadle
and Pauling," placing the program in the vanguard of life science research. Dra-
matically illustrated with pictures describing the protein template idea and the
formation of antibodies (a central project in the program), Gray's article recounted
the origins and scope of Caltech's molecular biology. Extolling the virtues of the
molecular approach to life, he pointed to the "striking example of present-day
partnership of chemistry and biology—a union which had been solemnized at the
Institute in a large new joint project of its chemical and biological divisions."68

A keen and seasoned observer of science, Gray understood the problems of
service role and the tensions at Caltech between basic research and medicine. The
chemists at the Institute, Gray reported, were not consciously after therapeutic
agents or clinical application. Theirs was a quest for fundamental knowledge, a
systematic search into the behavior of the body's giant molecules, such as genes,
antibodies, viruses, hormones, biological pigments, and related structures. "Science
is still far from completely analyzing these biological agents," Beadle was quoted
as saying, "but the investigations tend to show that the molecular form known as
protein is the key structure. Apparently most of the bodies that we are studying
in our program are either simple proteins or conjugated proteins." When the
functions and structures of these giant molecules were elucidated, Beadle went on,
the solution of practical problems in medicine would follow inevitably. The Utopian
vision hinged on reciprocity between representing and intervening. "Fortunately
medical men are able to use biologically active molecules without knowing very
much about them; but they crave control of processes and results which fundamental
knowledge would give. Along this road, the scientists believe, lies the unmasking
of stubborn mysteries; the elucidation of cancer, of aging, of the divine spark
itself."69
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CHAPTER 8

Molecular Empire (1946-1953)

Life in a Black Box: Rise of Delbriick's Phage School

During the decade after World War II, through the partnership of Beadle and
Pauling and the implementations of the "magnificent plan," Caltech became the
leading edge of the nascent discipline of molecular biology. Virus research occupied
a strategic position within these plans: It defined fundamental researches in genetics,
microbiology, and biophysics; and by legitimizing the claims to medical utility it
was well positioned to attract private and federal support. Thus one of Beadle's
first steps upon assuming the chairmanship of the biology division in 1946 was to
offer the German physicist Max Delbriick, now at Vanderbilt University, a pro-
fessorship in biology. "You know our plans for the future development of physical
and chemical biology at the Institute," Beadle wrote. "We need you as a key
member of a team that will further elaborate them as well as carry them out."1

At 40 years of age, Delbriick's impact as a man of action, a charismatic leader
of an expanding phage school, was matched by his reputation as a "think-man,"
whose theoretical grasp of problems in physics, chemistry, and biology endowed
him with an unusual ability to integrate knowledge across scientific boundaries, an
approach of particular importance to Caltech's interdisciplinary agenda. A culti-
vated eccentric, similar to Morgan, Delbriick's iconoclastic individualism was well
balanced by his exceptional talent for group cooperation, a prized asset at Caltech.
As a Rockefeller officer had observed, since his early career in Europe Delbriick
had consistently developed "group interest" in science. "All this makes it evident
that Delbriick is not only cooperative, enthusiastic and broadly interested in science,
but he also has the drive and personality which makes such attributes effective."2
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Seven years had elapsed since Delbriick's departure from Caltech in 1940. During
that time, despite his primary duties as associate professor of physics at Vanderbilt,
he had managed to build with the aid of the Rockefeller Foundation a remarkably
attractive program in viral genetics. His work was supplying provocative insights
into what he had termed "the riddle of life"—the subcellular mechanisms of rep-
lication and mutation—and he was attracting physicists and chemists to molecular
biology. Although Vanderbilt had been sympathetic to Delbriick's endeavors in
biology, he found little time and only meager resources for his phage work during
the academic year. It was Cold Spring Harbor, with its summer symposia and cross-
disciplinary research in quantitative biology and the energetic cooperation of ge-
neticist Milislav Demerec, that enabled Delbriick to maintain contact with the
community of geneticists and to establish his career during the years 1940-1947.3

The 1941 Cold Spring Harbor Symposium on genes and chromosomes, chaired
by H. J. Muller, was particularly important for Delbriick's career; there he made
his phage debut. An invitation to present a paper at that prestigious meeting
signaled professional recognition that placed Delbriick visibly^m the map of genetics
research. Ironically it was probably his worst and least representative paper, though
historically a significant one. Like most of the symposium's offerings on the struc-
ture and material properties of chromosomes, it dealt with protein chemistry. Like
most of the participants, Delbriick expressed the dominant view that self-replication
was analogous to enzymatic autocatalytic reaction, and that the active hereditary
component of chromosomes was an enzyme or enzyme-like protein. Although
Delbriick deprecated biochemistry (his nascent program blended mathematical
physics and the formalism of Morgan's genetics), he was clearly intrigued with the
material basis of replication. His symposium paper, "A theory of autocatalytic
synthesis of polypeptides and its application to the problem of chromosome re-
production," was a heroic attempt to postulate a chemical mechanism of repro-
duction based on the autocatalytic theory of life. "My own feeling toward its
contents are divided," he confessed to Linus Pauling a few months later. "I could
not persuade myself either into believing or into not believing that the idea con-
tained some truth, but I thought the idea was too good to be discarded right away."4

Perhaps not right away, but he would discard it later with little tolerance for those
who had promulgated the autocatalytic theory before him.

That summer of 1941, Delbriick also formed the social nucleus of the phage
school by joining forces with Salvador Luria, who became his life-long collaborator
and with whom he and Alfred Hershey would share the 1969 Nobel Prize.5 Sym-
posium organizer Demerec, reporting the success of that summer's events, de-
scribed Delbriick's and Luria's contributions with special enthusiasm. In a series
of experiments, utilizing two strains of phage, these researchers had begun to
generate "unexpectedly good results," findings that offered a perplexing glimpse
into the replication process inside the cellular "black box."

As early as 1941 the "unexpectedly good results" revealed unforeseen com-
plexities in Delbriick's simple "black box" approach to the gene problem. The
strategy for penetrating the cell by using a combination of two viruses (mixed
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infection) backfired, and the bacteria persistently behaved as if they were infected
by only one virus, characterized by its plaque shape and burst size. This exclusion
phenomenon provided the first clue that intracellular events, which involved virus
and bacterium, represented mechanisms far more tangled than had been previously
envisioned. Additional complications ensued the next summer, when collaborative
experiments indicated that bacteria undergoing spontaneous mutations were re-
sistant to phage attack. That too implied that replication mechanisms of phage
were intertwined with those of bacteria in complicated ways.6

In 1943, with the aid of an electron microscope, Delbriick was able to "see"
bacteriophage for the first time. The micrographs, which were prepared in collab-
oration with Caltech graduate and biophysicist T. F. Anderson, revealed tadpole-
shaped or sperm-like organisms with texturally distinct head and tails, varying with
different phage strains. As Delbriick had to admit, "while no harm is done by
calling viruses molecules, such terminology should not prejudice our view regarding
the biological status of viruses, which has yet to be elucidated."7 The infection
mechanisms too had yet to be explained, as, paradoxically, the micrographs indi-
cated that the infecting phage itself never entered the bacterial cell.

This observation, together with the phenomenon of mutual exclusion, strongly
suggested to Delbriick the common analogy between phage penetration of bacteria
and the interaction of sperm and egg. He observed that penetration of the first
virus made the cell membrane impermeable to other virus particles, just as fertil-
ization of an egg by one spermatozoon made the egg membrane impermeable to
other spermatozoa. This analogy, conferring a high degree of specificity between
virus proteins and bacteria, complemented well the studies on protein specificity
between antibodies and antigen. It lent support to the view that the specificity of
proteins involved in genetic'replication was in some ways related to the specificity
involved in the formation of antibodies, a mechanism explicated by Pauling's protein
template theory and further elaborated by Caltech embryologist Albert Tyler. In
fact, some of the immunological studies of phage conducted for several years by
Alfred D. Hershey (Delbriick's close collaborator), at the Carnegie Institution of
Washington, were based on just these concepts of biological specificity.8

The unforseen setback to the "black box" model and the incongruities of phage
replication hardly discouraged Delbriick. On the contrary, realizing the magnitude
of the problem and the expanding scope of his project, he began to mobilize
collaborators and institutional resources. He had only a couple of postdoctoral
fellows at Vanderbilt in 1943; but Luria, who had just moved to Indiana University,
would assemble a phage group within a short time. Mark Adams at New York
University was beginning to conduct phage experiments, and T. F. Anderson would
continue the electron microscope studies of phage. Hershey was already pursuing
collaborative phage experiments with bacteriologists and immunologists at Wash-
ington University, and Demerec of Cold Spring Harbor, who himself had just begun
experimenting with phage, was delighted to spread the new scientific gospel during
summer meetings.

By 1944, Delbriick's third summer at Cold Spring Harbor, the network of phage
workers under Delbriick's leadership decided to standardize the phage systems, as
well as to establish the Phage Information Service (modeled after the Drosophila
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Information Service). Unbridled individualism was curbed. Instead of each inves-
tigator developing his own collection of phages and host bacteria, Delbriick insisted
that all phage workers concentrate their efforts on a set of seven phages, named
T, through T7 and defined according to morphological, serological, and growth
properties. He also insisted that experimental conditions be strictly defined and
standardized. With mounting complexities and a rapidly growing body of infor-
mation, these laboratory conventions facilitated comparison between studies and
improved the dissemination of knowledge between phage workers under Delbriick's
coordination. These practices also helped consolidate his disciplinary power.9

Delbriick readily admitted to gross underestimation of the phage problem and
to his mobilization campaign. With the characteristic blend of playful arrogance
and reluctant humility, he impressed upon his audience at his 1945 Harvey Lecture
that during the eight years of phage research he had not come any closer to solving
the problem of genetic replication. He conceded having made a "slight mistake":
Instead of a few months it would take a few decades and the help of a few dozen
people willing to join him in solving the riddle of life. To optimize the enlistment
process, Delbruck organized in 1945 an annual phage course at Cold Spring Harbor,
thus setting off a rapid chain reaction of recruitment. Even after his return to
Caltech in 1947, when his laboratory hosted frequent phage conferences and teemed
with undergraduate and graduate students, postdoctoral fellows, and visiting pro-
fessors, Delbruck upheld the Cold Spring Harbor tradition, continuing the course
well into the 1960s. Phage workers by then numbered in the hundreds.10

Designed primarily for those who either expected to work with phage or wished
to obtain a better understanding of molecular genetics, the course attracted sci-
entists interested in borderland problems of biology, physics, and chemistry. In
addition to having the students master simple laboratory procedures, Delbruck laid
great stress on the theoretical foundations of phage work, requiring fairly sophis-
ticated mathematical preparations, at least from the standpoint of biologists. The
prerequisites for participating in the phage course (facility in calculus and differ-
ential equations and thorough familiarity with exponential functions, statistics, and
numerical analysis) were strictly enforced with admission tests that obviously fa-
vored those trained in the exact sciences. Successful "graduates" of the course
often stayed on for several weeks, conducting experiments directed by Delbruck
and submitting their results to his unyielding scrutiny.11

Phage work under Delbruck was especially hospitable to physicists. Through his
Vanderbilt position and his close relationship with Niels Bohr, he had remained
in contact with the physics community. In fact, immediately after the war, Bohr
visited Delbruck at Cold Spring Harbor and communicated an enthusiastic response
to Delbriick's program in the international physics community. Erwin Schrodinger's
little book, "What is Life?" extolling Delbriick's physicomathematical approach to
genetics, also circulated among physicists; it too contributed to Delbriick's fame.
The book stirred up intellectual excitement for the life sciences and validated
biology as a respectable line of inquiry for physicists. With the onset of the atomic
era and the profound moral dilemma facing nuclear physicists in the wake of the
Manhattan project, biology research under the charismatic leadership of a physicist
opened up alternatives that must have indeed seemed like a "scientific playground"
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for serious children.12 Although Delbruck's mission in molecular biology was mo-
tivated by non-reductionistic, non-mechanistic approach to animate phenomena,
most of his phage disciples and the migrant physicists were unconcerned with these
noble goals. The minimalist phage work was accessible, and yielded rapid results.

The intellectual migration was welcomed by the many biologists who shared
faith in the primacy of the molecular knowledge of life. The presence of physicists
at Cold Spring Harbor enhanced the prestige of biology, whose academic status,
especially during the war years, lagged behind that of the physical sciences. With
obvious elation, organizer Milislav Demerec reported in 1946 that Delbruck's phage
course "brought to Cold Spring Harbor, among others, the nuclear physicist Leo
Szilard, Aaron Novick from the University of Chicago, P. Morrison from Cornell,
[and] R. B. Roberts from the Department of Terrestrial Magnetism of Carnegie
Institute of Washington, with whom we are glad to discuss our problem."13 Del-
bruck's dual citizenship in the communities of physics and biology was an asset
that matched the cooperation ideal as envisioned by the Rockefeller Foundation,
Morgan, and Caltech's Executive Council.

In addition to social and disciplinary expansion, the phage school broadened its
cognitive scope. As reflected in the 1946 Cold Spring Harbor symposium, "Heredity
and Variation in Microorganisms," viruses were brought into the realm of Men-
delian genetics. This new perspective, in turn, began to tie together previously
unrelated observations, eventually striking one of the fatal blows to the enzyme
theory of life. At that symposium Delbriick reported his latest findings on induced
mutations in bacterial viruses, and Hershey announced his surprising discovery of
spontaneous mutations in phage. Both papers demonstrated that bacterial viruses
exhibited a remarkably complicated genetic behavior, and that they underwent
mutations principally during their intracellular existence—during the least studied,
darkest aspect of the "black box," the phase that later came to be called the
"eclipse."14

Studying two classes of mutations in T2H phage—one affecting host range, the
other affecting plaque type—Hershey showed that each of these phenotypic char-
acters was determined by several loci of independent mutation. The genetic complex
determining plaque types apparently contained a number of independently mutating
genetic factors that exerted their influence through a single physiological mecha-
nism, lysis inhibition. Contemporary methods did not enable researchers to deter-
mine the structural relation between these genetic factors and alleles, crossing-over
units, and linkage groups of conventional genetics. Hershey was optimistic, how-
ever, that a purely genetic analysis modeled after Drosophila studies would soon
yield valuable clues to the genetic structure of viruses and therefore to the orga-
nization of the gene itself.15

His optimism was amply reinforced by Delbruck's 1946 findings that simulta-
neous infection of a bacterium by two related phage strains (mixed infection)
resulted in an apparent segregation of genetic factors. The phenomenon of "mutual
exclusion" in mixed infections as reported by Delbriick and Luria four years earlier
still applied to unrelated phages (i.e., unrelated morphologically, serologically,
with respect to host range, and so on). However, for two related viruses, in this
case a wild type and its mutant, the mixed infection gave rise to novel types of virus
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progeny, characterized as mutants of the infecting types. Though theoretical inter-
pretations of these findings were of course premature, Delbruck and Hershey
advanced the bold hypothesis that these novel viral biotypes in some respect looked
more like genetic transfers or even exchanges of genetic materials.16

The time was ripe and the audience prepared for considering such bold spec-
ulations. The Neurospora studies of Beadle and Tatum during the early 1940s had
shown rather convincingly that fungi underwent mutations that were amenable to
genetic analyses, just like Drosophila. In 1946, Joshua Lederberg in collaboration
with Tatum reported genetic recombination in bacteria, or what they termed sexual
mating. These studies were complemented by the researches at the Pasteur Institute
by Andre Lwoff and Jacques Monod on biochemical genetics in bacteria. These
various observations underscored the realization that a microorganism was neither
a bag of enzymes nor an amorphous protoplasmic glob, propagating itself exclu-
sively through binary fission, but a sophisticated reproductive system possessing
transmittable specific genetic factors that determined phenotypes.17 The partici-
pants at the 1946 Cold Spring Harbor symposium were also more receptive than
during years past to the possibility that the genetic factors were nucleic acids.
Researchers were citing Oswald T. Avery's landmark 1944 studies on chemical
transformation in pneumococcal bacteria, in which he concluded that the material
responsible for transforming nonvirulent bacteria into virulent types was DNA.
Some began to incorporate his findings into their own explanatory frameworks.

Avery had reported having isolated a nonproteinaceous (and noncarbohydrate)
substance having these transforming properties as far back as 1934; but intellectual,
psychological, and institutional factors coalesced to produce nearly a decade's delay
in his "going public." Avery's retiring personality was poorly suited to handle some
of the aggressive objections to his interpretations (led primarily by Mirsky at the
Rockefeller Institute), thus contributing to his reluctance to publish his findings
before 1944. Even in 1944 the initial reaction was rather muted. To assign biological
specificity to nucleic acids seemed incompatible with the prevailing view of the
tetranucleotide structure of DNA, the postulated simple structure in which nu-
cleotides were supposed to be arranged in a fixed sequence. The argument against
Avery's results was that it was the traces of protein trapped in the nucleic acid
solution that were the causative agents of bacterial transformation. It seemed also
counterintuitive before 1946, at the height of the autocatalytic protein theory of
replication, to speak of sexual reproduction in bacteria, let alone ascribe to bacteria
a mode of replication based on nucleic acid chemistry. On many counts, Avery's
work before 1946 seemed to have only marginal relevance to mainstream problems
of reproduction and genetic specificity.18

Delbruck, who was familiar with Avery's unpublished work through an asso-
ciation at Vanderbilt with Roy Avery (O. T. Avery's brother), did not seem at
first to recognize the implications of Avery's studies in bacteria for his own inves-
tigations in bacteriophage genetics or for Luria's concurrent work on bacterial
mutations. In 1944, however, he was willing to entertain the notion that Avery
could be right. "He [Avery] believes that it [the transforming principle] is ribonu-
cleic acid," Delbruck wrote to Hershey. "Mirsky seemed to think that the evidence
is no good, but I don't know. . . . It seems to me that genetics is definitely loosening
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up and maybe we will live to see the day when we know something about inheritance
in bacteria, even though the poor things have no sex."19 Hershey, although finding
Avery's paper scientifically satisfying, had to confess in 1944 that, "Of course one
is disturbed by the conviction that the gene is a trace substance par excellence, but
if this is wrong it's time to find out."20

A couple of years later, as the 1946 Cold Spring Harbor meeting attested, the
intellectual climate was far more receptive to Avery's work and to the new chal-
lenges of microbial genetics. Venturing his own interpretations of mutations in
phage, Hershey suggested that the transformation of pneumococcal types, the
recently observed fibroma-myxsoma transformation, the induced mutations with
respect to lysis inhibition in bacterial viruses, and the directed mutations with
respect to host range could all be explained for the first time through a common
mechanism, one involving a new biological phenomenon of general importance.21

In response to these developments, Deibriick now acknowledged that the phage
system was exciting "principally by the blow it deals to our fond hopes of analyzing
a simple situation."22

During the next five years Hershey and Deibriick would pursue a two-tier ap-
proach. Developing the work on phage recombination, on the one hand, they would
show that one could construct a genetic map of phage analogous to Drosophila
maps, with mutant loci arranged in a linear order based on the frequencies of
recombinant progeny for various mutated characters. This work formed the basis
for later reconstruction of a fine-structure map of the phage genome, which in turn
redefined the classical concept of the gene by showing that units of recombination,
mutation, and function were operationally separate. On the other hand, in tandem
with the genetics analyses, they would also design biochemical experiments to
furnish decisive evidence for the primacy of DNA during replication and mutation
in phage.23

The research conducted between 1940 and 1946 placed Deibriick at the vanguard
of genetics and microbiology. At the same time his uniqueness as a physicist free-
lancing in biology—an image he actively cultivated—intrigued and attracted many
institutions eager to develop molecular biology and benefit from Rockefeller sup-
port. The case of the University of Illinois was emblematic. The biology faculty
was strongly interested in Deibriick, but they sought the advice of the Rockefeller
Foundation, as they did not know what to make of Delbruck's remark that "he
had never read any biology." Inasmuch as they wanted him as a biophysicist "to
leaven the whole University lump of physics and bio- and physical chemistry as
applied to biological problems," his remark caused a "little unfavorable comment."
The chairman's assessment, however, exemplified the consensus at Illinois, Caltech,
and the other interested institutions.

Personally, I do not believe, for the purposes of Delbruck's present objectives,
that he needs to know anything about the bulk of biology, not even much about
bacteriology. . . . To my way of thinking it is perfectly incidental that he is working
with bacteria and bacteriophage. His objective is an analysis of the nature of the
gene—like Beadle working with molds, Sonnerborn with paramecium. . . . To
"leaven this lump" of researches in basic life processes here at Illinois, it is
necessary that our man be cooperative. He should know no departmental bound-
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aries. He should be tolerant of earnest workers equipped with slower working
neopallia than his own. I know that he is exacting and perhaps a bit Prussian;
but if the right spirit is there, that's all that matters.24

As this communication demonstrates, Delbriick's playful but nuanced approach to
biology was largely misunderstood by most scientists and administrators, who saw
him as biophysicist applying highly specialized tools to specific problems. We can
also see the close involvement of the Rockefeller Foundation network in academic
decisions, the capillary workings of the knowledge-power nexus.

At the time of Caltech's overtures, Delbriick had "turned down numerous at-
tractive U.S. offers," though he still sought the advice of the Rockefeller Foun-
dation, "to which he feels great obligation because of fellowship and research aid
given to him at Vanderbilt" regarding an attractive professorship of biophysics at
the University of Manchester.25 The strong offer, the cross-disciplinary structure,
and a sense of nostalgia tilted the balance in favor of Caltech.

After nearly a decade and a half of freelancing in biology, Delbriick could at
last set up a permanent phage center for research and training at Caltech. "I am
very happy about this," he wrote to his mentor Niels Bohr in 1947, "because it
signals the completion of my metamorphosis into a biologist, and because I believe
that Caltech in the coming years will be to biology what Manchester was to physics
in the 1910s."26 As a key team member of the molecular biology project Delbriick
was expected to lead a double life at Caltech, "that of general think-man (because
I know physics, and because I put my foot into various theoretical problems) and
as a phagologist," a dual role he relished.27

Key Team Member: Delbruck and the Phage Cult

When Delbruck joined the Caltech staff in January 1947, one of the first things
he did was to offer the directorship of his new phage laboratory to biochemist Mark
Adams, thus implicitly acknowledging the importance of biochemical tools in phage
research. This was a radical step for Delbruck, who deprecated biochemistry, and
he approached the issue cautiously. He regarded Adams as the only competent
man in the phage biochemistry field, convinced that "other biochemists have caused,
and are still causing, more confusion than enlightenment."28 There was no doubt
whom he meant. He considered H. J. Northrop of the Rockefeller Institute and
his assistant A. P. Krueger to have muddled the phage field with their enzyme
autocatalysis theories; and he regarded Stanley's work on plant viruses to be prin-
cipally technique-driven and theoretically impoverished. Stanley's main problem
was that he had too many centrifuges, Delbruck was fond of saying. Even though
he had been initially inspired by these researchers, he preserved little tolerance for
them; they in turn did not readily accommodate the upheavals he caused in the
virus field.29

Their lack of theoretical rigor, Delbruck thought, was mainly due to the strong
ties that still linked biochemistry to medicine. When Adams, declining Delbriick's
offer, compared Caltech with the Rockefeller Institute, Delbruck was quick to
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Figure 30 Max Delbriick
conducting an informal
lunchtime seminar in virol-
ogy, ca. 1948. Courtesy of
the Rockefeller Archive
Center.

point out that although the comparison was a good one there were important
qualifications. "The facilities at Caltech are not quite as good as at the Institute;
on the other hand, the aim at Cal Tech is fundamental biology, quite uncontam-
inated by the MD spirit. There is nobody at Cal Tech who kills 100,000 mice per
annum for futile nonsense. Cooperation is real, and so is the community of in-
terest."30 Delbriick seemed to have overlooked Pauling's futile attempts to produce
artificial antibodies in mice and his repeated attempts to establish closer ties with
the medical community.

Delbriick's aversion to biochemistry as an appendage of medicine and his dislike
of medical research reflected the constant tension between fundamental biology at
Caltech as envisioned by Morgan and the recognition that a link with biomedical
research provides strong leverage when promoting public support and fund-raising.
Although Delbriick was dismissive of the historical reality, bacteriophage had been
from the outset of keen interest to physicians and medical bacteriologists—hence
Delbriick's 1945 lecture for the Harvey Society. Delbriick would also soon realize
that Beadle was hoping to establish collaborative phage work with the nearby
Huntington Hospital, where "we plan to look into the possibility of a closer tie
up," and even establish an entire laboratory devoted to medical research.31 With
a 15-year plan and a $6 million budget that played up the benefits of molecular
medicine, it was only reasonable to cultivate some ties with the medical community.

Delbriick's disdain for biochemistry was based mostly on ignorance. He objected
on several grounds: the social component—contamination by the "MD spirit"; the
philosophical premise—the mechanistic approach to biology; and, from an aes-
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thetic point, its cumbersome laboratory techniques and its lack of theoretical ele-
gance. Conjuring up images of an alchemical laboratory, Delbriick's impressions
were a throwback to the beginning of the century, when primitive equipment and
crude procedures frequently resulted in chemical artifacts and dubious theories.
Obviously biochemistry's early reputation in Europe, "Tier Chemie ist Schmear
Chemie," still lingered in some circles.

He soon found out upon returning to Caltech that things had changed a great
deal: Precision instruments and sophisticated gadgets from the physical sciences
generated novel and reliable data, potentially complementing the theoretical work
in phage genetics. Though he had criticized Stanley's technological enterprise,
Delbriick was visibly impressed with Caltech's technological prowess. In a typically
playful letter to Hershey, inviting him for a year's collaboration, Delbriick described
his "snooping around in chemistry and physics" and finding that they not only had
wonderful centrifuges, electron microscopes, "Tiseliuses," and so forth, but they
had competent people in charge of these gadgets who were anxious to do something
sensible with the instruments—and with whom it would be fun to explore possi-
bilities. Such explorations would of course reinforce Delbriick's role as a "unifying
principle" between the divisions. "Very good students from physics and chemistry
come and say: Show us some, we also want to try our hands at the riddle of life,
etc.," Delbriick told Hershey. "I could of course sit in my shell and refuse to be
tempted and go on using only Petri dishes and pipettes, but the fact is that I am
tempted."32 The temptation to play was reinforced by serious incentives. With
indirect mathematical analyses yielding only partial knowledge of subcellular events,
it was increasingly difficult to resist the temptation to tackle the riddle of life by
penetrating the "black box" directly by physicochemical means.

One of the most powerful, yet least disruptive, new physicochemical tools in
molecular biology was the radioisotope tracer. Having emerged during the years
immediately after the war, radioactive isotopes were rapidly proving to be indis-
pensable to the study of cellular mechanisms in general and to phage in particular.
In August 1946 the Isotope Division o the Oak Ridge National Laboratory (ORNL)
first made reactor-produced radioisotopes available. Naturally occurring radioac-
tive substances had been used since 1913 to "tag" atoms in order to follow the
course of chemical reactions. Biologists had explored the potential of this method
as early as the 1920s, even though the handful of natural radioactive substances
were suited for only a narrow range of biological investigations. Although the
availability of artificial cyclotron-produced isotopes after 1934 did broaden the
scope of radioisotope research in physiology, high costs and meager quantities
prevented wide use of the technology. After 1945, with the establishment of several
national laboratories and as the uses of nuclear energy and radioactivity expanded
and diversified, isotopes became more readily available, though they were still
tightly controlled by the government in 1946.33

Additional constraint retarded the use of radioisotopes in biological research in
1946. Because most biochemical studies required that tracer atoms possess highly
specific chemical forms, sophisticated procedures of chemical reprocessing were
invariably needed for preparing the isotopes for scientific research. At the end of
the war, in anticipation of a trend in "nucleonics" toward cooperation between
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science, industry, and the military, the Atomic Energy Act of 1946 (the McMahon
Act) was passed, loosening government monopoly over radioisotopes. A greater
variety of reprocessed tracers were made available through the Oak Ridge labo-
ratory and the National Bureau of Standards to authorized users in medical insti-
tutions, and for approved university research.34 The availability of these "made-
to-order" molecular tracers played a major role in the studies that eventually
determined unequivocally the functional role of nucleic acids and proteins in the
phage life cycle.

By 1947, radioisotopes were being used in phage studies. At the 1947 Cold
Spring Harbor Symposium "Nucleic Acids and Nucleoproteins," Seymour Cohen,
a biochemist at the University of Pennsylvania Medical School (formerly with
Stanley at the Rockefeller Institute), had completed a series of studies on the
synthesis of bacterial viruses by following the turnover of phosphorus in DNA.
This work, in which radioisotopes (32P) were used in phage work for the first time,
further undermined the autocatalytic theory of replication and the notion that
enzymatic bacteriophage precursors were normally present in bacteria and were
merely triggered by infection. By exposing bacterial cultures to radioactive phos-
phorus (32P) before infection, and by analyzing the phage progeny for their relative
content of radioisotope, Cohen showed that most of the DNA in phage particles
therefore could not be derived from preexisting bacterial precursors. Cohen also
demonstrated that there was no increase in DNA during the eight to ten minutes
after infection, and that DNA synthesis occurred after the latency period, results
that were soon confirmed by Delbrlick's collaborator, A. H. Doerman.35

That same year Luria, following up on mixed infections experiments, discovered
that an ultraviolet-inactiva'ted phage particle, though unable to reproduce itself,
was far from being physiologically inert. It might kill a host cell, interfere with
multiplication of other phages, and even regain its ability to reproduce after ex-
posure to visible light. If two or more such ultraviolet-inactivated phage particles
were adsorbed to the same host bacterium, Luria observed, they tended to
cooperate.

Luria explained the phenomenon "multiplicity reactivation," as he called it, in
terms of genetic exchange of undamaged parts between irradiated phage particles.
An extension of Delbriick's and Hershey's interpretations of recombination, Luria's
explanation implied that upon entering the bacterial cell the phage broke down
into several independently reproduced subunits, which later, during the intracellular
phase, were assembled into mature virus. A number of experiments ensued to
follow up on the multiplicity reactivation phenomenon. The investigations of phages
damaged by x-rays and their patterns of recombination became the main focus of
James Watson's doctoral dissertation in Indiana under Luria and Delbriick, which
in turn prepared Watson for studying the general relations between structure and
function in viruses. The accumulated inferences regarding the intracellular picture
left no choice but to peer behind the cover—by lysing the cell prematurely and
analyzing its material content.36

A. H. Doerman, who had completed his doctorate at Stanford in biochemical
genetics of Neurospora under Beadle, and his postdoctoral training at Vanderbilt
under Delbriick, was entrusted with the "crucial experiment" of premature lysis.
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His experiment (1948) led to a surprising finding; no infective phages whatsoever
were found in any of the infected bacteria lysed artificially within the first 10 minutes
following infection. Infectivity associated with the original parental phage was lost
at the outset of the reproductive process. After the initial 10 minutes, however,
an ever-increasing number of infective phages emerged on the intracellular scene,
until the litter of progeny was produced during the normal lysis period, just as
Cohen's findings had indicated. The latent period, when no infective plaque-form-
ing phage particles appeared, became known as the "eclipse," and the noninfective
immature virus was called the "vegetative phage."37

Doerman's results carried additional significance. They provided an impetus for
a redefinition of the phage life cycle that illuminated the murky problem of lysogeny,
thus contributing to further integration of bacteriology, virology, and genetics.
Lysogeny, the hereditary property of some bacteria to produce phage without
infection, had hitherto been an unexplained phenomenon, poised on the crossroads
of virology and bacteriology. Lysogeny had been ridiculed in some circles and
accepted in others, where it appeared to furnish evidence for the existence of a
cellular precursor to an autocatalytic virus molecule.38

Delbriick and his powerful "phage church," as bacteriologist Andre Lwoff re-
ferred to it, had steadfastly rejected lysogeny through the 1940s as a nonphenom-
enon. They ignored the evidence in support of lysogeny even though it had already
been well documented at the Pasteur Institute during the early 1920s that certain
bacterial strains permanently "carried" phage and could cause lysis of other sus-
ceptible bacterial strains. Opposing interpretations that the "carrier" was a mere
contaminant seemed to Delbriick equally reasonable, especially as the bacterial
strains used in his typical phage experiments happened to be nonlysogenic. Pasteur
Institute bacteriologist Elie Wollman, who arrived in Pasadena in 1948 as a Rocke-
feller Fellow, recalled his feelings of intimidation upon finding at Caltech's biblio-
graphic index a 1937 paper on lysogeny by his parents labeled "Nonsense." In that
paper the Wollmans proposed that intracellular phage may be in a noninfective
phase, as they failed to recover plaque-forming samples from disrupted bacteria.39

As late as 1946, N. W. Pirie presented a paper at the Cold Spring Harbor meeting
suggesting that at least part of the intracellular virus was present in a form that
was complexed with host cell material—a form later identified as lysogenic pro-
virus—but the paper generated little interest. With Doermann's elucidation of the
"eclipse" and the "vegetative phage," the idea that bacteria could act as carriers
of latent noninfective phage, or provirus, supplied strong evidence in favor of
lysogeny. Lysogeny studies could now be coordinated with the findings of Delbriick,
Hershey, and Luria regarding segregation and recombination of viral genetic ma-
terial during the vegetative phase. In fact, in 1950 Lwoff demonstrated that similar
mechanisms existed in lysogenic bacteria, thus adding important clues for explaining
the mechanisms of replication and mutation in bacteria.40

The knowledge of the phage life cycle in the bacterial cell was extended to other
animal and human viruses. In 1950 Renato Dulbecco, having just completed his
postdoctoral research with Luria, accepted a permanent offer in Delbriick's lab-
oratory. Delbriick suggested that he apply some of the methods of phage research
to animal viruses. Until that time viruses could not be studied in their cellular
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environment, as they could not be grown in tissue culture. Dulbecco, with the
expert collaboration of cell biologist Marguerite Vogt, was the first to develop a
method for growing animal cells that produced viruses in culture dishes. Within
the next two years the two researchers had established a reliable plaque assay for
viruses similar to the one in phage, thereby bringing animal viruses into the realm
of molecular genetics. This important work, which won Dulbecco the Nobel Prize
(while bypassing acknowledgment of Vogt), generated a flurry of new studies.
These studies, in turn, extended virus research to areas of tumor growth and cancer
and to viruses involved in neurological pathologies such as poliomyelitis. Caltech
thus emerged by the early 1950s as a shrine of virus research, with Delbriick the
high priest of molecular virology.41

Indeed, Delbriick was much more than a leader of a research program or even
an interdisciplinary liaison; he was a scientific cult figure. Lwoff's encounter with
the "phage church" and Wollman's sense of intimidation at Caltech were by no
means isolated accounts of Delbriick's autocratic rule and sharp tongue. A brash
young Turk in biology, Delbruck impressed his followers by his affiliation with
illustrious physicists and dazzled his audience with his broad knowledge and wit.
As a master of practical jokes, he enchanted disciples and colleagues with pranks
and angelic smiles. There was a kind of intriguing contradiction to Delbriick's
charisma, his totalitarianism and eccentricity being neutralized by his humanism
and communal style. Few could, or chose to, resist his charm and authority. After
only one year at Caltech, Beadle, reporting to Weaver on the new appointments
in biology, exclaimed incredulously: "Max has a biophysics seminar that has the-
oretical chemists and physicists not only attending but actually presenting papers!"42

From his confrontation during the late 1930s with the bacteriophage medical
establishment through his standardization of phage work and the founding of phage
courses during the mid-1940s, and now in his role as "unifying principle" at Caltech,
Delbruck displayed remarkable originality and organizational talent. His success
as founder and leader of a research school stemmed only in part from his ability
to challenge, inspire, and teach. To a large extent, Delbriick's scientific popularity
derived from a powerful social model that had shaped Delbruck's early career:
Niels Bohr and his "Copenhagen spirit." He adopted this model after returning to
Caltech but tailored it to the local culture.43

Phage work in Pasadena, like physics in Copenhagen, was much more than an
intellectual pursuit. While working on the cutting edge of science in a well-funded
field, Delbruck's colleagues and disciples participated in an unusual social expe-
rience. Delbruck was quick to adapt the traditions at Bohr's Institute in Copen-
hagen—social cohesiveness, collective intellectual criticism, jocular behavior, out-
door activities—to the Southern California milieu. Delbruck's garden in Pasadena
became a favorite meeting place for colleagues, students, and visitors, and his
house an intellectual and cultural sanctuary. He also drew on Caltech's unique
tradition of weekend camping trips, a social activity cultivated by Noyes during the
1920s. Having been converted to that tradition during the late 1930s after joining
Went's and Dobzhansky's frequent expeditions, which combined social and field
activities, Delbruck now exploited and amplified that experience, shrouding it with
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the mystique and prestige of cult initiation; several renowned researchers would
participate in the exotic activities during these outings.

With the self-assurance of an absolute monarch, Delbrtick often proclaimed
Wednesday and Thursday as weekend to avoid crowds and highway traffic on
camping trips to the desert. There, by a crackling campfire under a star-sprinkled
sky, Delbruck would lead lively discussions and raucous celebrations. Hikes in the
wilderness and mountain climbing expeditions often spawned friendships, pro-
moting camaraderie and loyalties that were reflected in collaborative laboratory
projects. With the exception of Luria, who would not come to Caltech unless
guaranteed immunity from camping, the blend of merrymaking, rarefied intellectual
atmosphere, and romance of the wild were potent enticements for recruits and
veterans alike.44

The sense of mission, peer acceptance, and exotic adventures under the lead-
ership of a revered taskmaster had all the manifestations of a cult experience.
Young recruits and assistants would cheerfully boast about being locked up for
three days at Caltech's Marine Biology station at Corona Del Mar and ordered to
write up their experiments, which were typed by Manny, Delbriick's wife. In keep-
ing with the "Copenhagen spirit" of open criticism, brutal intellectual honesty, and
cooperation, drafts would be mercilessly dissected with Delbriick's logical scalpel
and the ideas refined through his perennial skepticism. As James Watson's revealing
title "Growing Up in the Phage Group" suggests and as the numerous accounts
by phage disciples attest, the process of enculturation was central to the project.
Phage work was no place for loners; cultivation of the cooperative ethos was the
social cement that held together phage genetics at Cold Spring Harbor and
Pasadena.45

Protein Victory, Pure and Applied

The weight of accumulated evidence during the late 1940s increasingly pointed
to nucleic acids as a crucial component of replication and mutation in phage. This
awareness, however, did not substantially attenuate the thrust of Caltech's protein-
centered program. During these years and until 1953, Beadle and Pauling frequently
stressed that the central problems of molecular biology, and in turn the basis for
a rigorous approach to medicine, were either those of simple or conjugated proteins.
The chemical key to replication and biological specificity was the nucleoprotein
template in which the nucleic acids were an extragenic component. That important
component, they conjectured, somehow imparted energy in the physicochemical
processes involved in the replication and mutation of proteins, processes outlined
by Pauling and Delbruck in 1940 and further elaborated in Pauling's template theory
of antibody formation. Nucleic acid research remained an undeveloped area at
Caltech until 1953, while protein research flourished.

No project could have been more effective in swiftly confirming the claim that
the study of proteins was the key to physiology, and that the etiology of disease
was to be sought on the molecular level, than Pauling's project on sickle cell anemia.
Published in 1949 under the provocative heading "Sickle-Cell Anemia, a Molecular
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Disease," the work and the wide publicity it received appeared to validate the view
that normal and abnormal physiological functions were basically molecular puz-
zles.46 It reinforced the argument that the crucial problems of biology resided
principally within the folds of the giant protein molecules—the submicroscopic
dimensions between 10~6 and 10~7 cm—and that the explorations of this dimen-
sional forest were best executed by physicists and chemists equipped with powerful
molecular probes. Pauling would repeatedly deploy the potent term he coined,
extrapolating the explanatory range of molecular disease to nearly all of medicine
and human behavior.

Research on sickle cell anemia was not new; the disorder had been studied at
several medical schools since its discovery in 1910. By the 1940s it had been well
established that the sickling behavior was reversible, depending on the pressure of
oxygen and the degree of acidity or alkalinity of the blood. It was known also that
sickling followed the cell's release of oxygen and that arterial blood of anemic
patients rarely contained sickled cells. There was no explanation, however, as to
why cellular deformity took place and why it was lethal.47 Because sickle cell anemia
occurred almost exclusively among blacks, it was reasonable to assume it was
genetically based. Several researchers had shown during the 1930s that the tendency
to sickle was inherited according to Mendelian law and that a dominant gene was
involved. However, because until 1948 no distinction had been made between sickle
cell anemia and sicklemia—a milder form of the disease in which only a fraction
of the cells are deformed—it was difficult to sort out the hereditary mechanisms.48

Pauling first became interested in sickle cell anemia in February 1945, when
dining at the Century Club in New York with other members of the Committee
on Medical Research, the group that later contributed the Bush Report, "Science,
the Endless Frontier." A member of the group had described some aspects of his
work on sickle cell anemia; and, according to Pauling, as soon as he heard that
red blood cells of diseased patients were deformed, or sickled, in the venous
circulation but resumed their normal shape in the arterial circulation it occurred
to him that the fault might lie with the hemoglobin molecule rather than with the
cell as a whole.49 His own work during the 1930s on the difference between venous
and arterial blood had already exposed him to some of the physicochemical prop-
erties of the hemoglobin molecule. It seemed reasonable to Pauling to trace the
problem to the level of hemoglobin, as it comprised the only part of the cell
concerned with the attachment of oxygen and because cells were deformed after
being relieved of oxygen. A year later Pauling enlisted two young local medical
researchers, Harvey A. Itano and Ibert C. Wells, and a junior physical chemist
from Yale, Seymour J. Singer, to work on the sickle cell anemia project. In January
1948, soon after launching the project, Pauling left for England on a guest lec-
tureship, returning a year later to a brilliantly executed project.

Tackling the sickle cell anemia project, the Caltech team examined blood sam-
ples from 30 patients: 15 with sickle cell anemia, eight with sicklemia, and seven
normal adults. The researchers extracted the hemoglobin from the erythrocytes of
each group and embarked on a battery of chemical and physical studies, looking
for differences in the three types of hemoglobin. Hoping to explain the divergence
in shape between normal and sickle cell hemoglobin, the team first ran a series of
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ultracentrifugation studies to measure changes in molecular weight and size of the
three types of hemoglobin. The results revealed no difference. They then turned
to the study of the electrochemical properties of the hemoglobin molecules, sub-
jecting the three molecular species to analysis in their "homemade" Tiselius elec-
trophoresis apparatus (which measured differential rates of migration of charged
molecules in an electric field). They exposed the three species of hemoglobin to
varying magnitudes of electrical force in solutions of various degrees of acidity and
alkalinity until a point was reached where the effect was striking. At that point
(pH 6.9) the normal hemoglobin migrated to the positive electrode, whereas the
sickle cell hemoglobin migrated to the negative electrode; the hemoglobin sample
from patients with the milder form of the disease behaved as a mixture of normal
and sickle cell hemoglobin molecules in roughly equal proportion. The boundary
between health and disease was marked by a small difference in electrical charge;
hence the two species differed either in amino acid composition or arrangement.50

Just as the project neared completion, geneticist James V. Neel from Ann Arbor
showed that sickle cell anemia was a manifestation of a homozygous condition;
that is, both parental genes contributed to the offspring's sickle cell trait. Sicklemia
then was a result of heterozygous condition with only one parental gene contributing
to the sickle cell trait. In fact, Neel published his results in the same issue of Science
in which Pauling's article appeared.51

Pauling arrived at the same genetic interpretation based on the physicochemical
data. He concluded, in agreement with Neel, that the manufacture of abnormal
sickle cell hemoglobin is controlled by a gene that when present in double dose,
causes the red blood cells of the individual to contain only the abnormal hemo-
globin. Following up on the hemoglobin work after returning to Caltech, Pauling
reasoned that the nature of the charge of the anemic hemoglobin indicated its high
chemical affinity. Enlisting his template, or "instructive theory" of protein syn-
thesis, he visualized the sickling process as a formation of self-complementary
structures, where "one end of the molecule is able to form a bond with the opposite
end of another hemoglobin molecule. Under these circumstances the molecules
clamp onto one another to undergo a sort of pseudocrystallization, which then
twists the red blood cells out of shape."52 Here was the first demonstration of how
molecular architecture depended on the genetic protein blueprint—the first ex-
ample of what Pauling called a "molecular disease."

With Pauling's own enthusiastic promotion, in both scientific circles and the
popular media, the work was regarded as a spectacular achievement, its significance
reaching far beyond explaining this particular medical syndrome. Intended to prove
a general rule, the finding appeared to validate the molecular vision of life. George
Gray saw to it that the research received lavish coverage. Combining Pauling's
generous explanations with his own material prepared for the Rockefeller Trustees
Report, Gray spun out a richly illustrated article on sickle cell anemia for Scientific
American recounting the discovery process. Undoubtedly inspired by Pauling's
technological vision, Gray speculated on the possibility of engineering molecules
that would lock permanently to the defective hemoglobin to prevent it from mis-
behaving; he concluded that one of the most significant lessons of these studies "is
that life is basically an affair of molecules. It is significant that the detective who
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tracked sickle cell anemia down to its lair was a physical chemist, and the chief in-
trument of his research was that versatile tool of physical chemistry—the electro-
phoresis apparatus" (on which Gray published an article in Scientific American).53

Equally significant was the relatively tepid reception of competing explanations
and alternative frameworks of defining life, health, and disease. During the 1950s
it was recognized that in its heterozygous form the gene responsible for the mutant
sickle cell hemoglobin also conferred resistance to malaria. Despite being a genetic
deficiency, it was also an adaptive advantage for black Africans living in malarial
regions. It is quite instructive that even though Pauling was actively involved in
these studies these findings and their implications did not benefit from enthusiastic
promotions. Evolutionary explanations complicated the definitions of genetic de-
ficiency and fitness, and diluted the impact of Pauling's neat conception of molecular
disease.54

By the time the electrophoretic differences between normal and anemic hemo-
globin were discovered (suggesting a difference in amino acid composition) a great
deal of knowledge had accrued at the Gates and Crellin Laboratories on the physical
structure of proteins and the properties of individual amino acids. Because hemo-
globin, like all proteins, consisted of chains of amino acids, W. A. Schroeder of
the Crellin Laboratory performed extensive chromatographic analyses, which showed
in 1950 that both normal and diseased hemoglobin contained the same 17 amino
acids. Further analysis, however, suggested that there was a minute difference in
the relative amounts of the amino acid components. It would be another six years
before the difference would be tracked down by researchers in other laboratories
to a replacement of a single amino acid.55

The concept of molecular disease did not merely carry cognitive power, it was
the linchpin in Pauling's long-standing quest to develop medical research at Caltech
(as originally envisioned by Noyes). He liked to stress, in scientific forums and the
popular media, that the progress of medicine hinged on molecular knowledge, an
approach that would transform clinical practice into an exact science. As the Caltech
group saw it, the spectacular success of the sickle cell anemia project supplied
tangible evidence for these claims, prompting yet another scheme for developing
medical research at Caltech. In January 1950, Beadle and Pauling submitted a
proposal to the Rockefeller Foundation for establishing a Laboratory of Medical
Chemistry at Caltech. "The time is now ripe for establishing a permanent laboratory
devoted to the field of what might be called "medical chemistry," they proclaimed.56

As Noyes had outlined in his proposals during the 1920s and 1930s, and according
to Pauling's attempts to persuade the trustees during the intervening years, the
prime purpose of such a laboratory would be to bring together the knowledge of
biologists, chemists, physicists, and those with a medical interest and focus this
knowledge on the basic studies of biological systems with the particular aim of
understanding their chemical processes.

"It is doubtful whether any place in the country is more suitable for such a
venture than the California Institute of Technology, where there is such a long
tradition of cooperation between biologists and chemists," Pauling and Beadle
argued.
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The proposed Laboratory of Medical Chemistry would bring together these two
groups and would add to their numbers, and would provide specific incentives
to bring into these groups additional men who have had experience in the field
of medicine itself. One of its great goals would be to train young doctors of
medicine in the field of medical chemistry by actual participation in medical-
chemical research for a period of years. These men would then return to medical
research centers and spread the influence of this laboratory throughout the
country.57

The plan was to construct a laboratory adjacent to Crellin and connected with it,
ultimately linking it with the Kerckhoff Laboratories. It would not have special
staff but, instead, would be used by the staff of the division of chemistry and
chemical engineering.

The Rockefeller Foundation officers were skeptical about the new venture. After
a site visit and meetings with Pauling, Beadle, and DuBridge, the Foundation officer
apparently assessed that Caltech could not maintain such a large operation, that
"They are very conscious of a somewhat precarious financial position much too
dependent upon government projects."58 Weaver wondered if the new venture was
not merely a new terminology for the existing biology-chemistry program, which
was already amply funded by the Foundation. However, "If this was an expansion
into a new field," as he suspected, "I am very doubtful just because they need to
consolidate, not expand." He seriously questioned an enterprise of "medical chem-
istry" in a setting where there was no natural medical contact and resident medical
conferences.59 Alan Gregg from the medical sciences division concurred that such
a program would be better placed in or near a good medical school or teaching
hospital.60

Beadle and Pauling did not give up easily. Together with Charles Newton,
assistant to DuB ridge, they flew East; and in addition to meetings at the Rockefeller
Foundation, they approached nearly all potential patrons of their proposed venture
in the New York area: Josiah Macy Foundation, Dazian Foundation, Samuel S.
Fund, Donner Foundation, The Kresge Foundation, Carnegie Corporation, Na-
tional Foundation, NIH, Milbank Memorial Fund, Alfred P. Sloan Foundation,
The Commonwealth Fund, Life Insurance Medical Research Fund, Metropolitan
Life Insurance, Eli Lilly, Lederle Laboratories, Abbott Laboratory. According to
Rockefeller accounts, however, they managed to extract some promises of modest
support for only a project or two. "Perhaps the most important thing they have
learned is the desirability of dropping the name Laboratory of Medical Chemistry,
since almost universally it has proved to be a disturbing description which confuses
them and does not really represent the intent of the group at Cal Tech."61

The New York experience took the wind out of the sails of Caltech's crew. "I
must say," Beadle confessed to Weaver, "that our several days' pounding the streets
of New York was really liberal education for all three of us. One conclusion certainly
became clear—that was that the term 'medical chemistry' used in our proposal is
generally misleading,"62 a rather narrow conclusion. The term medical chemistry
was symptomatic of a deeper problem: the danger of substantially expanding the
molecular biology program beyond its intended scope. After giving the matter more
serious thought, especially to the warning from the Rockefeller Foundation about
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the danger being too large, he conceded to Rockefeller officer Gerald R. Pomerat:
"[Ajfter growing a couple of new stomach ulcers over contract negotiations with
AEC [Atomic Energy Commission], I've about come to the conclusion that maybe
we ought to formulate some careful plans for some judicious contraction and con-
solidation on one or two fronts."63 The reverberations from the short-lived cam-
paign for a medical laboratory soon died down, and Pauling refocused his energies
on the central project of protein structure.

Considerable advances, quantitative and qualitative, had been made on the
protein problem since Pauling first outlined the various strategies of attack to
Weaver in the 1946 grant proposal. The work in organic chemistry and biochemistry
of proteins, especially Schroeder's chromatographic analysis, had established the
amino acid content in various proteins. Kirkwood's group, using mainly the Tiselius
electrophoresis apparatus, had gathered data on charge distribution of these pro-
teins and in turn on the general properties of globular proteins. The x-ray crys-
tallographers and computers under Corey and Pauling, in coordination with
Badger's ultracentrifuge and spectroscopic methods, had determined by 1949 the
physical properties and crystal structures of many amino acids. They also worked
out the three-dimensional geometry involved in the arrangement of amino acids in
several large components of proteins, dipeptides, and tripeptides.64

The steady accumulation of these small and large jigsaw pieces enabled Pauling
literally to begin fitting them together toward the construction of the physical model
of alpha-keratin, a protein structure he had begun pondering during the late 1930s.
He relied heavily on the building of molecular models. Even before leaving for
England in 1948 he had been building molecular models, a method aimed at testing
various molecular structures of proteins based on exact knowledge of the structure
of amino acids and the smaller peptides. He attempted to build up the protein
piecemeal, from the ground up, and then check the structure by x-ray methods.65

Pauling's approach departed radically from the conventional mode of point-by-
point crystallographic analysis of full-size fibrous proteins. As British crystallog-
rapher J. D. Bernal once put it, the conventional method was analogous to the
reconstruction of one of Christopher Wren's cathedrals in London from a collection
of rubble after the blitz. The combination of new methods of organic chemistry
and model building, however, rendered the task of molecular reconstruction far
less confusing, as though a house was cracked up in parts—into basement, bed-
rooms, kitchen, and attic, rather than into individual bricks and boards.66 Pauling's
model-building approach was novel to both crystallography and biological research.
It became crucial to the investigations of protein structure, allowing precise visu-
alization of the molecular arrangements and interactions hitherto hidden. Wooden
and plastic balls of all colors were designed and made at the laboratories and shops
of the chemistry division, their scales and shapes represented such atoms as carbon,
oxygen, and nitrogen as they exist in proteins. They could be added and subtracted
at will, thereby bringing some order to the process of building by trial and error
without a clear blueprint.67

The model-building approach became Pauling's hallmark, winning him the title
"atomic architect." Molecular architecture, indeed, captured the essence of the
scientific process and products of Pauling's program. Molecular models generated
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several possible pictures of the world, encompassing observations and calculations;
those possessing the highest degree of convergence became a representation of
biological reality. Molecular architecture was an epistemology, a technology, and
a metaphor that he propagated among scientists and the lay public. As America's
premier chemist and the recipient of numerous awards and appointments, Pauling
was frequently photographed displaying some molecular edifice. "Dr. Pauling keeps
cardboard and wooden models of the molecules he builds close by him in his office,"
wrote the author of a 1949 article in Science Illustrated entitled "Atomic Archi-
tect."68 A smiling Pauling, pointing to replicas resembling kindergarten toys, pre-
dicted that within 20 years medicine could become an exact science, if only medical
researchers became atomic architects.

He was in pursuit of the mechanisms that explained and controlled life in its
most fundamental form: protein. "Proteins hold the key to the whole subject of
the molecular basis of biological reactions," he was quoted as saying in 1949.69

Proteins would unlock the mysteries of growth; the replication of viruses, genes,
and cells; the action of enzymes, hormones, and vitamins. The unraveling of protein
structure was not merely a theoretical interest. He proclaimed his hope to create
life in the laboratory, by designing and building self-reproducing protein molecules.
"And if anyone within the next 25 years becomes master of this second creation,
it very probably will be Pasadena's wizard of atomic architecture," the article
concluded.70

Here was a clearly articulated vision of science as doing, science as technology
affecting change in the world. Intervention in this context was not merely an
instrumentality of representing but also an instrumentality of design and control.
There is little doubt that Pauling envisioned the region between 10 ~6 and 10 ~7 as
the basic level of explanation as well as the fundamental level of intervention: The
same technologies that would be used to represent these macromolecular phenom-
ena would also be also mobilized to manipulate matter and control processes, to
effect biological change, to create artificial life.

Pauling neared the solution to the alpha-keratin structure while he was still in
England in 1948, lecturing on proteins and biological specificity. He fell ill during
that period and, deprived of his laboratory gear, he worked on the structure with
only paper, pencil, and a ruler. He constructed various hypothetical models that
incorporated what had been established with respect to bond angles, rotations,
amino acid geometries, hydrogen bonds, and the folding of simple peptides. The
planarity of the amide bond (a point he had established by 1935 and that was further
elaborated by Corey) helped determine the sites of rotation of the polypeptide
chain. The work on the role of hydrogen bonding in the three-dimensional config-
uration of proteins (1936) aided in the proper placement of these bonds along the
chain. To these structural constraints, Pauling added a few other assumptions
regarding symmetry and amino acid equivalence. The results were two helical
structures; one was the alpha helix, in which the pitch of the turn occurred every
3.7 amino acid residues.71

The alpha helix, with its nonintegral repeat, represented a radical departure
from previous protein structures. According to J. D. Bernal, "The stroke of genius
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on the part of Pauling was to abandon the idea of integral repeats along a helix
and to substitute a helix of peptides with an irrational and therefore, not exactly
repeating structure."72 However, this extreme divergence from the fixed idea that
a helix was possible in crystals only with a helicity of two-, three-, four-, and sixfold
symmetry worried Pauling. Rather than announcing his discovery in 1949, he re-
solved to wait until more data could support such a counterintuitive claim.73

Model-building played a central role in confirming the aperiodic structure of
the helix. Based on data generated by his collaborators, Pauling had determined
mathematically that 36 combinations were theoretically equally possible when con-
structing a polypeptide chain. In order to test whether these theoretical structures
were possible in nature, Pauling built several of these molecular models. Attempting
to place the atomic billiard balls in various positions, he found that 32 of his
theoretical structures were impossible in nature because the balls did not fit prop-
erly. Further study showed that two of the four remaining structures represented
forms of the spiral he had already worked out in England.74

Pauling's bold approach and novel model building method did not convince
everyone, especially as Pauling had been wrong in the past. The flurry of activity
in his laboratory did not impress Rockefeller officer W. F. Loomies during a site
visit to Caltech in February 1951. Loomies was shown the various spiral structures
Pauling believed accounted for chemical and physical data but that differed con-
siderably from the structures postulated by all the leading crystallographers in
England. Loomies had serious reservations about Pauling. "He certainly is imag-
inative, daring, and brilliant, but he has gone off the deep end in some cases (such
as the 'artificial antibody' story) and his many stimulating pictures, models, etc.,
may be largely figments of his own imagination rather than lasting and sound
science. Like R. J. Williams, he has no further worlds to conquer in straight science,
so why not shoot at the moon."75

A month later Pauling dispatched a letter to Weaver announcing the structure
of the alpha helix. He recounted his experience at Oxford three years earlier, his
discovery of a configuration of a promising polypeptide chain, then the discovery
of the second helical form, and the period of evidence-gathering. He thought that
"one of these two helical structures, which we predict with every atom located to
couple of hundredth of an Angstrom, is represented in contracted muscle, ordinary
hair, many other fibrous proteins, and in hemoglobin, myoglobin, and other glob-
ular proteins." He also had figured out the structure of collagen and gelatin, which
involved the interaction of three such helical chains. "I feel," Pauling concluded,
"that in a sense this represents the solution of the problem of the structure of
proteins."76 The alpha-keratin structure was announced a month later in the Pro-
ceedings of the National Academy of Sciences, followed up by seven detailed papers
in the May issue of that journal.77

It was a major victory for Pauling, Caltech, and the Rockefeller Foundation,
which had supported these efforts for nearly two decades, a giant step toward the
solution of what had been defined for decades as the central problem in the life
sciences. From the perspective of the protein view of life, which had equated protein
with biological destiny, the solution of protein structure seemed to represent the
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primary aspect of the solution to heredity. Caltech's news release of the alpha helix
story highlighted this very point, reminding the public that the new structure was
part of the protoplasm of all living things, a substance Thomas Huxley had called
"the physical basis of life."78 One unresolved issue, of course, remained: There
was no hint how Pauling's new structure could be capable of self-replication.

Warren Weaver was elated with Caltech's breakthrough. Inspired, he wrote up
a lively and lengthy account of the protein problem and its solution for circulation
at the Foundation; one reader remarked that Weaver had almost outdone George
Gray. Unquestionably, it was also a great coup for Weaver, who when persuading
the Rockefeller trustees to invest immense sums in the molecular biology project
at Caltech at times had to defend Pauling's work. Weaver's most important long-
term project had finally yielded substantial and tangible returns on investment,
justifying the Foundation's confidence and Weaver's judgment.79

Weaver would be retiring in eight years and was already in the process of taking
stock, examining the broad contours of the natural sciences territory. He was now
thinking "in terms of consolidating some of the gains which have been made in the
NS [natural sciences] program in the last 20 years. This would involve thinking
about the program as a whole, and deciding what small number of situations may
deserve consideration, over the next eight years, for some really definitive treat-
ment." Weaver concluded that in all likelihood the results of such a consideration
would place Caltech high on the list of priorities, in which case he would
recommend that the Foundation contribute "sometime during the next 18 months,
a major sum (say $2.0 million or $2.5 million) to C.I.T. for research in biology
and in those aspects of chemistry which are intimately related to biological
problems."80

Thus when DuBridge submitted to Weaver in July 1953 a major grant proposal
for Caltech's long-term needs in molecular biology, he was already quite confident
of the outcome. Caltech's impressive annual reports for chemistry and biology,
accompanied by references to George Gray's confidential monthly report (January
1949) buttressed the proposal. "We believe," DuBridge wrote Weaver, "that what
we have done over a period of years in the field of chemical biology . . . as a basis
for judging us, is worth more to you and your Foundation associates than any
promises or predictions we can make for the future."81

The $1.5 million grant to Caltech in December 1953 was indeed a great show
of confidence. "We haven't yet come down to earth after hearing the wonderful
news of the new grant." Beadle told Weaver. "When we do, we'll start seriously
worrying about the matching problem and about how we can do a good enough
job in the coming years to justify such confidence on the part of you and the
Foundation."82 There was much work to be done. Among the raucous accolades
and laudatory orations of Caltech's contributions to molecular biology, a casual
statement in the grant resolution implied that the answer to the protein problem
did not solve the central problems of biology, and that nucleic acid may be the
hereditary determinant: "Many signs indicate that the golden age of biology is only
now beginning."83 Caltech had led the research to the threshold of another era,
during which a molecular biology based on DNA genetics would assume cognitive
and institutional dominance.
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Figure 31 R. A. Millikan and L A. DuBridge in front of Throop Hall, ca. 1950.
Courtesy of the California Institute of Technology Archives.
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EPILOGUE

Paradigm Lost? From
Nucleoproteins to DNA

When the Rockefeller Foundation appropriated $1.5 million for Caltech's mo-
lecular biology program in December 1953, the rumblings of a scientific revolution
were already audible. There were good reasons to suspect that the solution of the
protein problem was not the right answer to the "riddle of life." Life now appeared
to be controlled by another giant molecule. A self-replicating DNA spiral held out
the promise for controlling and creating life; a new golden age of biology was
dawning, the Rockefeller Foundation forecasted.

The signals were visible for several years. As early as 1950, as Pauling directed
his energy to the alpha helix, several phage workers were shifting their focus to
nucleic acids. The mounting details on phage replication and its life cycle strongly
suggested that the virus could no longer be regarded as a form of protoplasm or
even a nucleoprotein. By 1950 a virus particle came to be viewed by most phage
researchers as a dual structure of protein and DNA; its nuclear and cytoplasmic
functions were perceived as distinct, pointing to DNA as the genetic material. In
fact, these changing perceptions were the impetus behind Delbriick's and Luria's
decision to send their promising disciple James D. Watson to Europe for post-
doctoral studies of the chemistry of nucleic acids.

By 1950 electron microscopist T. F. Anderson had embarked on experiments
aimed at differentiating between the structural components of phage. His new
micrographs showed that osmotic shock ruptured the phage to produce empty-
headed "ghosts," and that phages attached themselves to bacteria by their tails,
forming a dynamically unstable union with the host cell surface. He also found that
violent agitation of mixed suspensions of phage and bacteria in a Waring blender
prevented tail attachment, and therefore no infection occurred.1

Assimilating these and other clues, enzymologist Roger Herriott, Northrop's
protege (then working on phage), sent his interpretations to Hershey: "I've been
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thinking—and perhaps you have too—that the virus may act like a little hypodermic
needle full of transforming principles; that the virus as such never enters the cell;
that only the tail contacts the host and perhaps enzymatically cuts a small hole
through the outer membrane and then the nucleic acid of the virus head flows into
the cell."2 Even Northrop, the main protagonist of the enzyme theory of bacterio-
phage, was moved to contemplate the possibility that "the nucleic acid may be the
essential autocatalytic part of the molecule, as in the case of the transforming
principle of the pneumococcus . . . and the protein portion may be necessary only
to allow entrance to the host cell."3

Linking these bits of evidence and conjecture, Alfred Hershey and Martha Chase
conducted a radioisotope study in 1951 that became one of the classical experiments
in molecular biology, providing one of the most compelling arguments for the
functional independence of protein and DNA components in phage and for the
role of DNA as the genetic determinant. Using the radioactive phosphorus label
32P to follow the trail of phage DNA, and radioactive sulphur (35S) to trace the
fate of viral proteins, they devised a simple procedure that enabled them to measure
how much 32P-labeled nucleic acid or 35S-labeled protein was present after infection
in the various fractions of bacteria and phage. Exposures to a Geiger-Muller ra-
diation counter indicated that practically all the viral 35S-labeled protein remained
at the surface of the infected bacterium, and that most of the 32P-labeled viral DNA
entered the cell at the beginning of the intracellular phase. Once the attachment
of the protein tail to the surface was completed and the DNA injected into the
host, the empty protein heads appeared to have no further function in the intra-
cellular reproductive process. However, during the early eclipse period, the DNA
deprived of its protein shell could not carry out the infective functions of a maturing
phage.4

Hershey's decisive results had a strong impact on Watson, then a postdoctoral
fellow in Europe. Groomed for success by Delbriick and Luria, the 22-year-old
Watson in collaboration with British physicist Francis Crick in Oxford mounted in
1951 a concentrated attack on the problem of DNA structure. During the two-year
period that culminated in their determination of the double-helix structure of DNA
in 1953, Watson remained in close contact with Delbriick, informing him of the
details of his progress. Delbriick, in turn, communicated the developments to
Pauling's group, by then also in the race to the solution of DNA structure.

In May 1952, when he reported his initial attempts at finding a helical structure
for DNA to Delbriick, Watson was already working at a frantic pace. Strongly
influenced by the epistemology and methodology of Pauling's molecular architec-
ture and by the structure of the alpha helix, Watson and Crick were constructing
large-scale molecular models of DNA.5 By spring 1953, they announced the double-
helix structure of DNA: two antiparallel chains comprised of a sugar-phosphate
backbone held together on the inside by the complementary hydrogen binding of
purines to pyrimidines. An understated comment at the end of the note to Nature
disclosed that: "It has not escaped our notice that the specific pairing we have
postulated immediately suggests a possible copying mechanism of the genetic ma-
terial."6 Watson's biological thinking along functionalist lines, combined with Crick's
structuralist approach, had begun to unravel the structure and function of the gene.
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Delbriick was enamored with the new DNA structure. During the following two
weeks he discussed the model with several phage workers and with Pauling's group
and then listed in a letter to Watson possible objections to the model, arguments
in its support, and some logical corollaries. He arranged for Watson's unveiling of
the new structure at the 1953 Cold Spring Harbor Symposium on viruses and
predicted that "if your structure is true, and if its suggestions concerning the nature
of replication have any validity at all, then all hell will break loose, and theoretical
biology will enter into a most tumultuous phase."7 According to one enthusiastic
participant, the Symposium was dominated by discussions of the implication of the
Watson-Crick DNA structure. No one who listened to Watson's lecture, even if they
did not fully agree, needed much imagination to grasp its immense significance.8

Outside the Cold Spring Harbor virus community the reactions to the Watson-
Crick model of DNA and to its implications for heredity ranged from exultation,
to mild interest, to skepticism.9 Not everyone was convinced. "This picture, which
is inspired by certain suggestions recently put forward by the English biochemists
J. D. Watson and F. H. C. Crick," argued the noted biochemist Linderstrom-Lang
(voicing the sentiment of other protein chemists),

entirely neglects the question of the part played in protein synthesis by nucleic
acids. . . . The fact that nucleic acids are genetic regulators, that they are present
in cells whenever protein synthesis occurs, and that they are important as trans-
forming factors and as initiators in virus formation does not necessarily mean that
they participate intimately in the synthesis of the primary peptide chain. They
seem to be far too unspecific for this process.10

He believed that it was the mechanisms of protein synthesis that posed the greatest
challenge to modern biochemistry and to the study of life.

At Caltech, Beadle and Pauling cautiously accepted the significance of the new
developments. "Recent investigations have verified the opinion that nucleic acids
play as important a part in biology as proteins, especially in our study of the structure
of the gene," they conceded in their 1953 report to the Rockefeller Foundation.
"Both chemical and biological studies make it clear that, contrary to our earlier
beliefs, nucleic acids are of many kinds, presumably differing both in purine and
pyrimidine composition and in sequence of these bases." Pauling and Corey also
proposed a molecular structure for DNA, and they noted, pointing to their share
in the action. "There is now widespread agreement that the Watson-Crick structure
is substantially correct," thus forecasting advances that "will be of the most pro-
found significance in biology and the disciplines of medicine and agriculture."
Naturally they expected Caltech to assume a leading role in these developments;
Watson's move to Caltech in 1953 (though he accepted Harvard's offer a year later)
reflected that resolve.11

The shift of the molecular vision of life from the protein paradigm toward the
emerging paradigm of DNA signaled a great reshuffling of ideas and techniques.
The new phase, prophesied Delbriick, would only partially involve structural and
analytical chemistry. The more important part would consist in attempts to take a
fresh look at many of the problems in genetics and cytology that had come to dead
ends during the previous 40 years, the period during which the protoplasmic theory
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of life stalled in explaining the physicochemical mechanisms of replication and
mutation.12 Equally significant, when the precise mechanisms by which nucleic
acids exerted their putative power as the chemical blueprints of life were elucidated,
molecular biology would claim greater cognitive authority and technological po-
tential when addressing the unresolved problems of biological deterioration and
rational social planning.

During the following decade researchers would direct their efforts principally
at answering what have been defined as the two central questions of molecular
biology: First, how does the DNA manage to reproduce itself autocatalytically to
generate an exact copy of every gene, or, more specifically, how is parental DNA
replicated to yield two DNA molecules of identical composition? Second, how does
the DNA control heterocatalytically the synthesis of a polypeptide to provide a
cell with its essential apparatus? A decisive answer to the first question came in
1957, when Matthew Meselson and Franklin W. Stahl, working in Pasadena under
Delbriick's direction, tagged the DNA of Escherichia coli bacteria with a heavy
nitrogen isotope. Tracing the distribution of the parental heavy nitrogen-through
the cycle of bacterial replication, they showed that the bacterial DNA followed the
semiconservative mode predicted by the Watson-Crick model, each helical chain
synthesizing the chain complementary to it, thereby conserving half of itself.13

Biochemist Arthur Kornberg at Stanford approached the problem from a rad-
ically different vantage point: enzymology. He set out to test his bold theory that
the replication of polynucleotide chains had to be catalyzed by an enzyme. Effecting
successful synthesis of a polynucleotide by using E. coli extracts, a DNA template,
and DNA's four building blocks, he christened the newly discovered enzyme as
"DNA polymerase." The manner in which the polynucleotide synthesis was cat-
alyzed by the E. coli DNA polymerase indicated that, as implied by the Watson-
Crick mechanism, DNA acted directly as a template for the copolymerization of
its replicas, without mediation of other substances, as some had suggested.14 Though
still limited theoretically and technically encumbered, the successful execution of
an in vitro synthesis of DNA marked one of the primary links in the chain connecting
molecular biology with genetic engineering.

The representation of gene action in terms of a genetic code forged additional
links in that chain. One of the most compelling ideas in science to burst onto center
stage immediately following elucidation of the DNA structure, the notion of a
genetic code was developed as the answer to the problem of heterocatalysis: how
only four bases of DNA—adenine, thymine, guanine, and cytosine—could specify
the assembly of 20 amino acids into the myriad proteins present even in as simple
an organism as a bacterium. Erwin Schrodinger's suggestion of a code script for
the gene had intrigued scientists since the mid-1940s, and the idea crystallized during
the summer of 1953 that there had to exist some type of code relating the base
sequences in polynucleotides to amino acid sequences in polypeptides. It was pro-
posed (and experiments designed to test this hypothesis confirmed it over the next
few years) that the heterocatalytic function could be represented as a two-stage
process: (1) the DNA template's transcription into messenger RNA; and (2) the
translation stage: After carrying the coded information to the cytoplasm, the nu-
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cleotide sequences were translated into polypeptide chains of predetermined pri-
mary structure.15

Researches on the primary structure of protein had been in progress for decades,
of course, and a particularly important breakthrough coincided with the search for
the code's heterocatalytic message. At that time British biochemist Frederick
Sanger was in the final stretch of his biochemical marathon, painstakingly deter-
mining the complete sequence of amino acids in insulin, a relatively short poly-
peptide. By 1955, when the reconstruction was completed, it elucidated more than
the composition of insulin. His techniques could now be extended to determination
of the primary structure of the longer and compositionally more complex poly-
peptide chains that characterized enzymes. In principle the biochemical translation
could now be matched with the genetic message.16

Simple permutational arithmetic dictated that a triplet constituted the smallest
set of four bases possessing coding capacity for at least 20 amino acids. The first
scientist to establish a formal scheme for a genetic code was the physicist-cosmol-
ogist George Gamow, proposing in 1954 an overlapping code. Though beset by
internal contradictions, his scheme inspired several researchers, among them Syd-
ney Brenner and Francis Crick, to develop alternative paper solutions for reading
the message written in a triplet code (codons). None of these elegant and clever
representations unlocked the code.17 The key to the lock was discovered by chance
in 1961 by Marshall Nirenberg and Heinrich J. Matthaei at the NIH. Using an
artificially synthesized RNA consisting only of uracil monomers (polyU), they
managed to produce a polypeptide comprised solely of phenylalanine—a triplet U
coded for the amino acid phenylalanine. The code could now be deciphered with
chemical probes. Within a short time 64 of 124 codons—those consisting of re-
peating units (AAA, CCC, and so on)—were accounted for. The decoding ex-
periments (some of the important ones conducted by Severe Ochoa and Marianne
Grunberg-Manago) thus continued by trial and error, relying on artificial random
RNA fragments, until in 1964 Gobind Khorana managed the chemical feat of
synthesizing a heterogeneous messenger RNA. In addition to giving rise to three
polypeptides, these experiments provided powerful insights into the organization
of the code and its reading order. By 1965 the representation of heterocatalysis in
terms of a genetic code had been completed: The transcriptional specifications for
all the amino acids were on paper, and in theory molecular biology had the cognitive
apparatus for direct genetic intervention and for designing artificial life.18

Were these researches in any sense mission-oriented? That is, were they carried
along with the momentum generated since the 1930s by the goal-directed agenda
of the Rockefeller Foundation? Were there ideological continuities? The com-
plexities of the political and institutional configurations of postwar science, exac-
erbated by the paucity of studies on the subject, hinder a clear assessment of the
social forces behind the various research programs in molecular biology after the
mid-1950s. However, preliminary glances at the historical landscape do reveal some
remarkable lines of continuity. To be sure, the Rockefeller Foundation sponsored
only a fraction of these researches. The Foundation's investment in molecular
biology had declined substantially during the 1950s; with Weaver's retirement in
1958, an era ended. Within the widely decentralized postwar life science, molecular
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biology enjoyed a pluralistic mode of patronage, spanning government, military,
industry, and private foundations. The molecular approach to life and its attendant
technocratic approach to health, disease, and human relations, previously concen-
trated within a few centers of power, diffused across diverse institutional contexts.
The scientific ideology of social control, so neatly articulated and localized by the
ruling academic-business elite of the 1920s, was fragmented and lodged within
pockets of power dispersed throughout the multiple administrative structures of
postwar science.

For example, during the early 1950s, as the Rockefeller Foundation's domestic
interests in human relations declined, the Ford Foundation entered the field. With
both Rockefeller Foundation officers and Caltech scientists playing a significant
advisory role, the Ford Foundation launched an enormous program in the behav-
ioral sciences aimed at promoting research and applications in areas of political,
social, and individual behavior. Introducing the new term "behavioral sciences,"
the program director stressed that problems of human relations would not be
approached from a vantage point of political science or economic but from that of
psychology, anthropology, sociology, and related fields. The discourse on person-
ality needs and social maladjustment echoed earlier calls for action. By 1957, five
years after launching the program, the Ford Foundation had granted nearly $24
million to behavioral science research, about $13 million to the mental health
program, and $1.6 million to population studies.19

Pauling received nearly $1 million in grants from the Ford Foundation for bio-
chemical studies of mental deficiency. As a member of the Hixon Fund committee
at Caltech, his interest in the biological basis of human behavior dated back to the
1940s, but by the late 1950s these involvements had acquired a sharper focus through
the concept of molecular disease and the cascade of discoveries related to the
mechanisms of DNA replication, transcription, translation, and the genetic code.
Like other leading practitioners of molecular biology at that time, Pauling's intrigue
with the triangle of heredity, intelligence, and social planning assumed more precise
technocratic meanings.20

In a 1958 television broadcast entitled "The Next Hundred Years," Pauling
described his vision of scientific Utopia, attained through detailed knowledge of
the molecular structure of humans.21 The study of sickle cell anemia, he stated,
set a precedent for that kind of approach. Recounting the biochemical and genetic
aspects of the discovery of that first molecular disease, "discovered in our labo-
ratory," Pauling postulated that there were "thousands, tens of thousands of mo-
lecular diseases." Like other physiological abnormalities, Pauling believed that
mental deficiencies were genetically determined molecular abnormalities. His vision
of the nearing Golden Age was a move away from mere palliative action: biology
turning molecular, medicine maturing into an exact science, and social planning
becoming rational. Like some of his peers, Pauling saw the deterioration of the
human race as the most compelling challenge for the new biology. "It will not be
enough just to develop ways of treating the hereditary defects," he said. "We shall
have to find some way to purify the pool of human germ plasm so that there will
not be so many seriously defective children born. . . . We are going to have to
institute birth control, population control."22 Pauling's interventionist concepts of
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social control, which had previously resonated with those of the Rockefeller Foun-
dation, now buttressed the Ford Foundation's program he had helped shape.

Outlining the approach to the studies on the biochemical bases of mental de-
ficiency, Pauling's early papers in psychobiology explained that the new program
was just a natural progression of the studies of the previous two decades. The
progress in molecular biology, he noted, had related mainly to somatic and genetic
aspects of physiology, rather than to psychic aspects. "We may now have reached
the time," he proclaimed, "when a successful molecular attack on psychobiology,
including the nature of encephalonic mechanisms, consciousness, memory, nar-
cosis, sedation, and similar phenomena can be initiated."23 Indeed by the mid-
1960s, Pauling had coined a new term and annunciated his concept of "orthomo-
lecular psychiatry," proposing a treatment of mental diseases that involve providing
the optimal molecular environment of mind, including the introduction of nucleic
acid into the cells to correct genetic abnormalities.24

Pauling was not alone in his Utopian visions of rational control based on the
new biology. At a meeting sponsored by the Ciba Foundation in 1963, about two
score distinguished scholars, primarily biologists, gathered to speculate on "man
and his future," in light of the revolutionary discoveries in molecular biology.25

Unleashing a scientific imagination uninhibited by the kind of public alarm and
social accountability that soon came to characterize the 1960s era, these researchers
pondered the scope of a new eugenics. Based on an implicit assumption of the
deterioration of the human race, H. J. Muller advocated measures that would
enhance evolutionary selection through molecular genetics. "It is more economical
in the end to have developmental and physiological improvements of the organism
placed on a genetic basis, where practicable, than to have to institute them in every
generation anew by elaborate treatments of the soma," he argued. Deploring the
social naivete and offensive reactionary attitude of the old eugenics, Muller pro-
moted a new eugenics free of class and race prejudices and based on biological
and social merit.26

Joshua Lederberg, though not in full agreement with Muller, predicted that in
"no more than a decade" the molecular knowledge of microbes would be applied
to the human genome. In light of these rapid developments, "Why bother now
with somatic selection, so slow in its impact?" Investing a fraction of the effort,
we could soon learn how to manipulate chromosomes ploidy, homozygosis, gametic
selection, full diagnosis of heterozygotes, to accomplish in one or two generations
of eugenic practice what would now take ten or one hundred." As he saw it, "the
ultimate application of molecular biology would be the direct control of nucleotide
sequences in human chromosomes, coupled with recognition, selection and inte-
gration of the desired genes, of which the existing population furnishes a consid-
erable variety. These notions of a future eugenics are, I think, the popular view
of the distant role of molecular biology in human evolution."27

In a Utopian universe constructed by an intellectual elite, the most prized feature
of gerietics resided in the control of intelligence. "Surely the same culture that has
uniquely acquired the power of global annihilation must generate the largest quota
of intellectual and social insight to secure its own survival," Lederberg argued. To
dramatize the relation of mental science to molecular biology, he promoted a
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developmental engineering (euphenics) aimed at controlling hormonal function,
brain size, and intelligence. When these technologies had been refined, he pre-
dicted, they would supply a "catalogue of biochemically well-defined parameters
for responses now describable only in vague functional terms. Then we shall more
confidently design genotypically programmed reactions, in place of evolutionary
pressures, and search for further innovations."28

These ideas were further explored by the symposium participants in the discus-
sion session. Francis Crick was generally in agreement with Muller and Lederberg,
and with the eugenic goals and technological potentials of molecular biology; his
reservations centered primarily on the feasibility of implementation of such bio-
logical-social technologies. Others had deep, principled objections. "Dr. Leder-
berg, what makes you think that we could make ourselves less likely to blow
ourselves up by a genetic increase in intelligence?" challenged Alex Comfort, who
pointed out that personality problems had a far greater causal role in human affairs
than I.Q. To Lederberg's reply that personality too was under genetic control,
Comfort pointed out that, although that may be so, training and upbringing were
far more direct social means than breeding. There were also reminders of the Nazi
experience, which "should warn us against evaluating our plans for the race solely
in terms of technical feasibility."29 Jacob Bronowski, representing the humanistic
position of science, was appalled by the different arguments, by Muller's, Leder-
berg's, and Sir J. Huxley's positions, and he demanded quantitative evidence for
the premise that the human population was deteriorating genetically. "What prob-
lem are we trying to solve?" he insisted. "What genes are we trying to boost?"30

Such voices of dissent did not dissuade other scientists from their enthusiasm
for a new eugenics. By the late 1960s the potential of social control through mo-
lecular biology was shared by its leading practitioners. Reflecting on the new bi-
ology, Pauling suggested a "yellow star" policy of eugenic prophylaxis.

There should be tattooed on the forehead of every young person a symbol showing
possession of the sickle-cell gene or whatever other similar gene. . . . It is my
opinion that legislation along this line, compulsory testing for defective gene
before marriage, and some form of semi-public display of this possession, should
be adopted.31

Robert Sinsheimer at Caltech rejoiced in the new powerful technologies for per-
fecting the remarkable product of two billion years of evolution.

The old eugenics was limited to a numerical enhancement of the best of our
existing gene pool. The new eugenics would permit in principle the conversion
of all the unfit to the highest genetic level.32

These technocratic ideologies of controlling life and behavior, as well as the op-
position to these visions, foreshadowed the heated scientific and public debates
over recombinant DNA technologies of the 1970s and over the human genome
project of the 1980s. True, most of the Ciba Symposium's participants later retracted
some of their speculative forecasts of a brave new molecular world, confessing to
their social and scientific naivete. Nevertheless, the Symposium's proceedings stand
out as an instructive historical lesson: The compartmentalization of intellectual
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puzzles cannot escape the mutually reinforcing powers of the scientific and social
imagination.33 These attitudes and the other sweeping expressions of faith in tech-
nologies of selective breeding attest to the durability and resilience of the quest
for science-based social control.

Thus the perceived role of molecular biology as a rational basis for human
behavior and social planning outlived the Rockefeller Foundation's program, but
it underwent modification within the changing ecology of biological knowledge
during the postwar era. New structures of patronage generated different coalitions,
with novel implications for life science. The displacement of proteins by DNA as
the genetic determinants certainly stands out as a paradigm shift, a principal dis-
continuity in biological theory and practice. Yet the lines of continuity are also
striking. The eugenic goals, which had informed the design of the molecular biology
program and had been attenuated by the lessons of the Holocaust, revived by the
late 1950s. Dredged from the linguistic quagmire of social control, a new eugenics,
empowered by representations of life supplied by the new biology, came to rest in
safety on the high ground of medical discourse and latter-day rhetoric of population
control.

More importantly, the authority of the underlying epistemological stand did
survive the paradigm shift and change in patronage. The premise that the soma
and psyche are essentially the outcome of genetically determined activity of ma-
cromolecules, and that these mechanisms of upward causation should be the prin-
cipal basis for intervening in higher-order life processes, has acquired even greater
intellectual vigor and social legitimacy.
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Conclusion

Current discourse on genetic engineering technologies often characterizes these
developments as a natural consequence of the theoretical research that took place
during the 1950s, 1960s, and 1970s, a logical evolution from the pure to the applied.
The lessons from this book imply the reverse: that from its inception around 1930,
the molecular biology program was defined and conceptualized in terms of tech-
nological capabilities and social possibilities. Representations of life within the new
biology were a priori predicated on interventions that, in turn, aimed from the
start at reshaping vital phenomena and social processes. Constructed within the
protein paradigm, these objectives were reformulated after 1953 around the concept
of the DNA "master molecule." Molecular biology was mission-oriented basic
research. The ends and means of biological engineering were inscribed into the
Rockefeller Foundation's molecular biology program, and eugenic goals played a
significant role in its design. The program, in turn, formed a key element in the
Foundation's new agenda, "Science of Man," a cooperative venture between the
natural, medical, and social sciences. This agenda sought to develop a compre-
hensive science of social control and a rational basis for human engineering. It was
a scientific and a cultural enterprise shaped by the historical contingencies of the
tumultuous era of the 1920s-1950s.

Caltech has offered an excellent vantage point for examining some of these
developments, the capillary workings of power in the production of knowledge.
Its institutional structures could most naturally accommodate the Rockefeller Foun-
dation's cooperative enterprise. Caltech's research community, committed princi-
pally to physical science and engineering, provided an optimal setting for a technology-
driven physicochemical biology. Leading schools of molecular biology had emerged
there, that, in turn, attracted life scientists from around the world, extending
Caltech's influence well beyond its temporal and spatial confines. As a primary
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site for implementing the Foundation's molecular biology program, the Institute
was the beneficiary of enormous support, a vote of confidence in the formidable
alliance between scientists and the private sector. Thus it offered a privileged
vantage point from which to follow up-close the convergence of cognitive and social
interests that inscribed genetic engineering ideals into the new biology and that
led, by the 1960s, to the dominance of the molecular vision of life.

These historical lessons are not based on arguments of causality or even direc-
tionality. The Foundation did not impose on scientists a particular research agenda;
the Foundation's officers depended at every turn on their scientific advisers—
leading figures such as Morgan, Beadle, and Pauling—to inform them on cognitive
priorities and technological capabilities. These scientists, in turn, sought to promote
their own research goals and technologies. The rise of the new biology was a process
of consensus formation in which the Rockefeller Foundation and an academic elite
reinforced each other's interests, forming a hegemonic bloc sustained by a system
of incentives and power sharing. Whether these scientists shared most of the Foun-
dation's goals is secondary to the formation of consensus. What is of primary
importance is that these particular representations of life supplied an instrumental
rationality that legitimated and empowered both groups, both scientific and cultural
projects.

What has been the significance of this disciplinary power? What have been the
intellectual and social consequences of the dominance of the molecular vision of
life? The history of science affords some valuable insights into these questions.
Scientists, patrons, and public presentations of science have historically singled out
certain research programs as "cutting edge"—a set of problems that signified and
was promoted as the key to select mysteries of nature. Such research projects have
been privileged both intellectually and socially, garnering resources, talent, and
prestige. The flip side of this picture, the negative space, as it were, has been those
areas bracketed out of the "vanguard," their modest resource bases and relative
lack of prestige tending to discourage interest in their research problems. A circular
process was set in motion. Lack of adequate support impeded the growth of less
fashionable areas, whereas the targeting of massive resources to select fields ac-
celerated their pace, creating a sense of rapid progress and public excitement, thus
perpetuating mechanisms of knowledge claims and social authority.

Yet a look at the trajectories of a number of research programs within the
mainstream of biology during the twentieth century (for example, cytology, em-
bryology, evolutionary biology, ethology, and ecology) reveals that with the rise
and decline of major research programs structural shifts have not mapped directly
unto cognitive domains. Ascending fields have not necessarily directed their cog-
nitive potency toward unsolved critical problems but, rather, redefined which prob-
lems were central. Important biological problems, such as differentiation, growth,
organismic organization, selection, adaptation, and speciation, have remained un-
solved for decades. Fields became marginalized without losing their intellectual
validity.

The rise of molecular biology during the 1930s-1950s was such a process of
redefinition of what counted as important in biology, followed by vigorous pro-
motion of these select research fields; this targeting and amplification eventually
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led to wholesale redirection of biological research. There is no doubt that molecular
biology has supplied deep insights into some of the fundamental mechanisms of
life, notably reproduction and subcellular regulation; it has also supplied powerful
tools for research in diverse areas in life science. Its very effectiveness, however,
is grounded in its limits. By narrowing its epistemic domain, the new biology has
bracketed out important animate phenomena from its discourse on life. There have
been numerous scientific "truths" to be explored, many possible representations
of life, and alternative visions of nature and nurture. That the architects of the
Rockefeller Foundation's program—scientists and patrons—concentrated their re-
sources on specific conceptions of nature and nurture, that they favored a molecular
representation of life, reflected the special appeal of this particular kind of knowl-
edge. The program expressed the perception that mechanisms of upward causation
were necessary and sufficient explanations of life and the most productive path to
biological and social control.

This view has persisted into the 1990s, backed by institutional and commercial
interests that dwarf the millions of dollars of the Rockefeller Foundation. The
seductive power of the molecular reading of life within a binary framework of DNA
and proteins and the weight of genetic determinism have generally bracketed out
of the consensus nonreductionistic explanations of life, health, disease, and be-
havior. Critical perspectives on nature and nurture have been neglected. Moreover,
because social policy generally relies on dominant scientific fields, valuable input
into social planning has been lost.

The disciplinary power of molecular biology, especially its expanding sphere of
influence through the various human genome projects, displays some deep lines
of continuity with the past. Today, just as half a century ago, there is a remarkable
congruence between the cognitive and social realms, between our technocratic
social policies and the technocratic approach to life, health, and disease. The
enormous faith in the power of molecular genetics to explain human order and
disorder has paralleled the enormous investments in genetic engineering in agri-
culture and medicine; the technological and cognitive realms drive and justify each
other. This dialectical process of knowing and doing, empowered by a synergy of
laboratory, boardroom, and federal lobby, has sustained the rise of molecular
biology into the twenty-first century.



Key to Archival Sources

APS American Philosophical Society, Philadelphia, Pennsylvania
CIT California Institute of Technology, Pasadena, California
CUB Columbia University, Butler Library, New York, New York
FFA Ford Foundation Archives, New York, New York
LCM Library of Congress, Manuscript Division, Washington, DC
OSU Oregon State University, Corvallis, Oregon
PHS Presbyterian Historical Society, Philadelphia, Pennsylvania
PPC Pasadena Presbyterian Church, Pasadena, California
RAC Rockefeller Archive Center, North Tarrytown, New York
YUB Yale University, Beinecke Library, New Haven, Connecticut

283



This page intentionally left blank 



Index

Abel, John J., insulin research at California
Institute of Technology, 72-73, 144

Acheson, Dean, 221
Adams, Mark

bacteriophage studies, 245
rejection of position at California Institute

of Technology, 250
Agglutination, 138
Agricultural research

at California Institute of Technology, 214
at University of Wisconsin, 13, 194

Alexander, Jerome, 174
Alkaptonuria, 127, 208
Alpha-keratin, 261-264. See also Proteins
American Cancer Society, 237
American Chemical Society, 115, 145, 209
American Eugenic Association, 36
American Philosophical Society, G. W.

Beadle's grant application to, 200-204
Amino acids, 160, 165, 194, 195, 204-205, 272

structure, 148, 157, 158, 228, 259
studies

biochemical, 228
M. Bergmann and C. Niemann, 115-116
mutations blocking synthesis of, 200-

201, 205, 207, 209
Neurospora, 206-209
x-ray crystallographic, 228

Anderson, Ernest G., 91, 196
Anderson, Thomas F.

electron microscopic bacteriophage studies,
245, 269

tobacco mosaic virus studies, 229
Anthropology, cultural, influence in 1920s,

38
Antibodies. See also Immunology

artificial, production
implications, 174-175
post WW II, 231
studies by L. Pauling, 172-185

critical reviews of, 181-183
eugenics and, 138
formation of, 165-167

side-chain theory, 137
template hypothesis of, 173-174

Antibody-antigen reaction, 165-166
Anti-Semitism

post World War I, 32-33
of T. H. Morgan, 96, 97-98

Arcadia farm of California Institute of
Technology, 91

Astbury, William, 115-116
Astrophysics, 64, 68
Atomic architecture

L. Pauling's promotion of, 262, 274
studies of L. Pauling and R. Corey, 148
studies of L. Pauling and A.A. Mirsky,

151-152
Atomic bomb, 219-220
Atomic Energy Act of 1946, 253
Atomic Energy Commission, 237, 261
Autocatalysis, 104-112, 134, 136, 137, 248.

See also Enzymes
classical genetics and, 109

285



286 INDEX

Autocatalysis (continued)
of DNA, 272
theory, 108-109

of H.J. Muller, influence on G.W.
Beadle, 198-199

studies supporting, 111
studies undermining, 253
views of M. Delbriick, 244
views of H.J. Muller, 110
views of A.H. Sturtevant, 110
views of L.T. Troland, 109-110

in work of A. Tyler, 170
Avery, Oswald T., 248-249

review of artificial antibody studies of L.
Pauling, 181

transforming principle, 231
Avery, Roy, 248

Bacteria
biochemical genetic studies, 248
genetic regulation studies of J. Monod, 131
post WW II studies at California Institute

of Technology, 231-232
sexual reproduction in, 195, 248

Bacteriophage, 12, 251
early views of, 110
exclusion phenomenon, 247-248
fine-structure map, 249
interest of M. Delbriick in, 135-136
lysogeny, 254
mutations, 247
replication, 135
studies

collaborative, of M. Delbriick and A.
Hershey, 249

genetic, 247-250
life cycle, 253-255
mathematics applied to, 135-136
nucleic acids, 269

Bacteriophage school, M. Delbriick and, 12,
250-256

Badger, Richard M., 229, 261
Ballantyne, E.N., gas gangrene studies with

G.W. Beadle, 206
Barnard, Chester, Rockefeller Foundation

president, 1948-1952, international
policy, 221-223

Beadle, George W., 8
biographical background, 125
at California Institute of Technology, 12

1944-1945, influence on molecular
biology program, 185-186, 225-233

decision to return, 211-214

experiences, 1930s, 213
recruitment, 167-168, 210-214

collaboration with B. Ephrussi, 126-132
DNA, views on, 210, 271
Drosophila vs corn studies of, 125
gene-enzyme relation, views of, 198-199
impact of European geneticists, 127-128
at Institute de Biologie Physico-Chimique,

126-127
move to Stanford University, 1939, 167-

168
Neurospora studies, 195-208

amino acid synthetic pathways, 207
collaboration with Committee on

Medical Research, 206
collaboration with E.L. Tatum, 180-

181, 194-197
commercial aspects, 199-204
conceptual foundations, 195-198, 207-

209
effect of military requirements, 204-205,

208-209
C. Lindegren and, 197
reception of, 209-210

Nobel Prize, 8, 168
Penicillium studies, 208

Beckman Instruments, 154-155
Behaviorism, influence in 1920s, 34-35, 38
Bergmann, Max

criticism of cyclol theory of D. Wrinch,
116

studies, with C. Niemann, 114-116, 160
views on T. Svedberg, 114-115

Bernal, J.D., 157, 261-262
x-ray diffraction studies of, 115

Biochemistry
at California Institute of Technology, 72

molecular biology program agenda and,
106-107

relation to biochemical genetics group,
130-131

weaknesses of, 96-100
colloids, 109

analytical ultracentrifuge and, 113-114
in conceptual foundation of Neurospora

studies, 208-209
and genetics, role of Neurospora studies,

190
war projects in, 200

Biological specificity, of nucleic acids, 248
Biological warfare, 172, 175
Biology

at California Institute of Technology. See
California Institute of Technology

at Columbia University, 13-14



INDEX 287

Biology (continued)
evolutionary, 15-16, 91, 92, 259, 281
at Harvard University, 13
mechanistic, 17, 134
physicochemical, views of T.H. Morgan,

93-95
at Stanford University, 14
at University of Chicago, 14-15
at University of Wisconsin, 13

Biology of sex, at University of Chicago, 14
Biophysics

at California Institute of Technology, 72
post WW II studies, 232-233
weaknesses of, 98-100

Boas, Franz, 38
Bohr, Niels, 133, 147, 250, 255, 276

complementarity principle, 133, 173
M. Delbriick and, 133, 136, 246-247, 250

Bonner, David, 204, 207, 213
Bonner, James, 91
Borsook, Henry

at California Institute of Technology
1944-1945, nutritional studies, 186-187
biographical background, 96-97
relation with L. Pauling, 97, 148
research in, 1930s, 130-131

views on T. H. Morgan, 94
Bowman, Isaiah, 221
Bowman-Tate Committee, 223
Brenner, Sydney, 273
Bridge, Norman, 65
Bridges, Calvin, 167, 196

at California Institute of Technology, 78,
91, 104

collaboration with J. Schultz, 122
interaction with M. Delbriick, 134, 136

Bronowski, Jacob, 276
Buchman, Edwin R.

appointment to Crellin Laboratory, 153-
154

views on California Institute of Technology
biology division, 1944-1945, 185-186

Buck v. Bell, 37
Burdick, C.L., 143
Bureau of Social Hygiene, 24, 27-28, 31-33
Burgess, John W., 36
Bush, Vannevar, 171

Science the Endless Frontier, 68, 223-224

California Institute of Technology, 3-4. See
also Corona Del Mar; Throop College

agricultural research at, 214
Arcadia farm, 91

Associates, 70
E.S. Gosney. See Gosney, Ezra S.
H.E. Huntington, 71-72

biochemical genetics of G.W. Beadle, and
biochemistry group, 130-131

biochemistry at, 72, 96-97
biology division

chairmen
G.W. Beadle. See Beadle, George W.
T.H. Morgan. See Morgan, Thomas
Hunt
A.H. Sturtevant. See Alfred H.
Sturtevant

commercially related studies, 185-186
recruitment of G.W. Beadle, 1945, 189-

190, 211-214
staff appointments

1930s, 132, 153, 157, 167-168
1940s, 237

state of, 1944-1945, 185-190
war activities, 177, 179, 186
weaknesses, 98-100

biomedical research, 71-73
biophysics at, 72
camping trips. See Camping trips at

California Institute of Technology
chemistry division, 98-100, 143-147

chairman, L. Pauling. See Pauling, Linus
staff appointments

1930s, 153-154, 157
1940s, 237

classical genetics at, 1930s, 91-92, 125-126
community role, 70-72

Southern California business leaders
and, 70

Crellin Laboratory. See Crellin Laboratory
disciplinary traditions, 15
Division of Chemistry and Chemical

Engineering, under A.A. Noyes, 68,
143-146

early years, 64-66
Executive Council

M. Mason, 153
members, 70
R.A. Millikan, chairman. See Robert A.

Millikan
post World War II changes in, 188

frontier thesis and, 58-59, 67-68, 223-225
Gates Chemical Laboratory. See

Gates Chemical Laboratory
growth of, 1920s, impact, 68-70
history, 11-16
Human Betterment Foundation assets

transferred to, 238
immunology program, 171



288 INDEX

California Institute of Technology (continued)
1940-1945, 164-185
1930s, 138

Institute of Biological and Medical
Research proposal, 72

institutional structure, 15-16, 68-70
Kerckhoff Laboratory. See Kerckhoff

Laboratory
military activities during WW II, 177-186
molecular biology program, 92-94, 160-

161, 226-233
chemistry and, 98-100
decline, 1940s, 125
under M. Delbruck, 255-256
electrophoresis apparatus and, 179-180
foundations, 79-100

interdisciplinary research, 89-90, 98-
100

influence of L. Pauling and G. Beadle,
1944-1945, 185-186

local relevance, 80-82
medical research and, 85-86, 179-180.

See also Laboratory of Medical
Research, 259-61

T.H. Morgan and. See Morgan, Thomas
Hunt

nucleic acid vs. protein research, 231,
239, 269-272

physicochemical embryology, 168-170
physiological genetics and, 106-112, 127
post WW II

biophysics project, 232-233
chemical genetics project, 232
dimensional characterizations of life,
226-227
general physiology project, 232
immunochemistry project, 231
National Foundation of Infantile
Paralysis, 234
power shifts, 188-189
technology and, 227-230
virus research, 243

protein chemistry studies. See Protein
chemistry

protein paradigm development and, 104
J. Schultz and, 122-125
Science of Man agenda and, 49, 98
service role, 80-82

J. Monod at, 131
C. Niemann at, 115, 153, 160, 167, 230
Norman Bridge Laboratory, 65, 66-68
patronage of science and, 11, 15-16
plant physiology at, 80-81, 89, 97, 185
president, L.A. DuBridge. See DuBridge,

Lee Alvin

Protestantism and, 62-63
recruitment of G.W. Beadle, 210-214
as scientific training ground

international, 12-13, 68
trustees

N. Bridge, 65
H. Chandler, 60, 65, 70
A. Fleming, 70, 85
W. Kerckhoff, 80
H. O'Melveny, 64, 70, 87-89, 145
H. Robinson, 65, 70, 145
role in Owens Valley project, 60

Calvinism, 25
effect on Rockefeller Foundation, 31

Campbell, Dan, 175, 182
Camping trips at California Institute of

Technology
of M. Delbruck, 255-256

F. Went and T. Dobzhansky, 135
of A. A. Noyes and new students, 146

Cancer research, 239, 255
Cannon, Walter, 16
Capitalism

eugenics and, 37
industrial, and Rockefeller Foundation

programs, 26
Carnegie Corporation, 28-29, 68, 69, 260

foundation, 24
funding of genetics research, 79
funding of insulin research at California

Institute of Technology, 72
Carnegie Foundation. See Carnegie

Corporation
Carnegie Institution of Washington, 27, 123,

245, 247
funding

of Gates Chemical Laboratory, 143-144
of J. Schultz, 122

Vannevar Bush, director, 68, 223
Caspar!, Ernst, 127
Caspersson, Torbjorn O.

career, 123-124
collaboration with J. Schultz, 123-124
nucleic acid studies, 123

Catcheside David, 122
Cattell, James McKcen, 28, 65, 68, 236
Causation

downward, 17
role in molecular biology, 5

upward, 17, 282
role in molecular biology, 5

Chandler, Harry
Owens Valley project, 60
Throop College trustee, 65

Chargaff, Erwin, 13, 231



INDEX 289

Chase, Martha, radioisotope study in
bacteriophage, 270

Chemistry
at California Institute of Technology. See

California Institute of Technology,
chemistry division

colloid, 109, 113-116, 227
medical, at California Institute of

Technology, proposed laboratory,
259-261

post WW II, 230
physical

at Gates Chemical Laboratory, 143-144
"The Nature of the Chemical Bond," by

L. Pauling, 147
A.A. Noyes and, 66

protein. See Protein chemistry
structural, 145, 147, 148, 150-152, 153,

155, 157-160, 257-259, 261-264
war mobilization activities, 172

Chemists' war, 29, 186
Chibnall, A. C., 115
Christianity, link with material success, 30-

32
Chromatographic analyses, of W.A.

Schroeder, 261
Chromatography

of amino acids and peptides, 228-229
of nucleic acids, 231

Ciba Symposium, 275-277
Class, 63-64
Cohen, Seymour, 253
Cold Spring Harbor

annual phage course of M. Delbriick, 246-
247

eugenics headquarters at, 27
Cold Spring Harbor symposia, 209, 244, 247,

249, 254, 271
Phage Information Service, 245-246

Columbia University
College of Physicians and Surgeons, 13
funding by Rockefeller Foundation, 13-14
molecular biology research, 1930s,

selection as site, 49
war mobilization activities, 172

Committee on Medical Research, 172, 178,
257

sponsorship of
immunology at California Institute of

Technology, 164-165
L. Pauling's projects, 179, 183, 186
Neurospora studies, 206
serological genetics studies, 180
tetanus toxin project, 207

war projects, 172, 200

Committee on Social Trends of H. Hoover,
34, 40

Compton, Karl, 171, 205
Conant, James, 171
Conklin, E.G., 38
Cooperation

under G.W. Beadle, 132, 190
at California Institute of Technology, 11-

12, 15-16, 68-70, 213-214
Crellin Laboratory program, 94, 156
Gates Laboratory, 145
institutional structure and, 69-70
Rockefeller Foundation support and, 94

under M. Delbriick, 132, 243, 250-256
molecular biology program, role in

development, 11
organizational model of Chester Barnard,

221
Rockefeller Foundation policy, 6-7, 46-

47, 212, 220
Copenhagen spirit, 255-256
Corey, Robert

protein structure studies with L. Pauling,
148, 157-158

relation to double-helix structure of DNA,
271

Corn
genetic studies

G.W. Beadle, 125
at California Institute of Technology,

funding, 237
impact of Drosophila transplantation

studies on, 130
Cornell University, 125, 188, 237, 247

enzymologic studies at, 125
Corona Del Mar, 146, 150, 168, 256
Correns, Carl, 127
Council on Foreign Relations, 218, 221
Crellin, Edward, 152
Crellin Laboratory, 90, 94, 99, 153-161, 236,

259, 260
A.O. Beckman and, 154-155
as model of chemistry-biology cooperation,

160-161
staff appointments, 153-154

Crick, Francis, 273
DNA structure studies, 270-271

Crime, 39, 44
Crozier, William J., 96
Crystallization, link to viruses, enzymes, and

genes, 111
Crystallography. See also Chemistry,

structural; Protein chemistry
at Gates Chemical Laboratory, 143-144

Cultural lag, 34, 35



290 INDEX

Cyclol theory of Dorothy Wrinch, 115-116
attack by L. Pauling, 155, 158-160

Cyclotron, at Berkeley, Rockefeller
Foundation support of, 178, 219

Cytology
elucidation of DNA structure and, 271-

272
of nucleic acids, studies by T.O.

Caspersson and J. Schultz, 123

Darlington, C.D., 127
Davenport, Charles B., eugenic movement,

9, 27-28, 39
Day, Edmund E., 48
Delbruck, Max, 12, 167, 229, 232

O.T. Avery and, 248-249
bacteriophage studies, 132-136, 244-256
biographical background, 132-133
N. Bohr and, 133, 250
at California Institute of Technology

1947, 250-256
dislike of biochemistry, 133, 244, 250-
252

bacteriophage cult, 250-256
camping trips, 255-256
Copenhagen spirit, 255-256
as Rockefeller Fellow, 132-136

at Cold Spring Harbor
annual phage course, 245-246
Phage Information Service, 245-246

collaborations
with A.H. Doerman, 253
with A. Hershey, 249

recombination studies, 247, 253
with S.E. Luria, 244
with L. Pauling, 172-177

double-helix structure of DNA, views on,
271

Drosophila genetic studies, 132-134
at Kaiser Wilhelm Institute for Biology,

133-134
Neurospora studies of G.W. Beadle, views

on, 209
personal characteristics, 243
W.M. Stanley and, 134-135
University of Illinois and, 249-250
University of Manchester and, 250
at Vanderbilt University

1940-1947, 244-250
autocatalytic theory, views, 244
biochemistry views, 133, 244, 250-252
collaboration with S. Luria, 244
electron microscope work of, 245

R. Avery and, 248
work with physicists, 246-247

J.D. Watson and, 270
Demerec, Milislav, 244, 247

bacteriophage studies, 245
Denmark, serologic studies applied to

eugenics, 138
Deoxyribonucleic acid. See DNA
Depression, 44, 122

effects on California Institute of
Technology, 89

effects on nation, 44-45
effects on Protestantism, 45

Dickinson, Roscoe, 144
Dimensional characterization of life, 5, 7,

113, 226-227, 257, 262
DNA, 1, 4, 107, 122-124, 210, 248-249,

253, 269
autocatalytic function, 272
in bacteria, O.T. Avery's studies, 248
double-helix structure of, 17, 270-277
early studies, 110
heterocatalytic function, 272

Dobzhansky, Theodosius, 79, 167
at California Institute of Technology, 15,

91, 92
collaboration with J. Schultz, 122

collaboration with G.W. Beadle, 125-126
views on T.H. Morgan, 84, 95

Dodge, B.O., 196
Doerman, A.H.

bacteriophage life cycle studies, 253-254
collaboration with M. Delbruck, 253

Drosophila, 12, 105
eye pigment studies, 121-122, 128-130
studies

G.W. Beadle, 125-126, 195
G.W. Beadle and B. Ephrussi, 128-132

transplantation experiments, 129-130
C. Bridges, 78, 104
at California Institute of Technology, 91
T.H. Morgan, 77-78
J. Schultz, 121-123
A.H. Sturtevant, 78, 91-92, 104, 128-

129, 168
E. Tatum (Stanford), 195
N.W. Timofeeff-Ressovsky, 133

DuBridge, Lee Alvin
at California Institute of Technology,

protege of M. Mason, 68, 236
California Institute of Technology

president, 1946, 235-238
background, 235-236

Dulbecco, Renato
animal virus studies, 254-255



INDEX 291

Dulbecco, Renato (continued)
Nobel Prize, 255

Dulles, Allen W., 221
Dulles, John Foster, 177, 221
Dunn, L.C., 13-14

criticism of eugenic sterilization, 85

Ecology, premises, 16, 277
Economic Cooperation Administration, 221
Ehrlich, Paul

antibody formation studies, 165-166
side-chain theory of antibody formation, 137

Einstein, Albert, meeting with T.H. Morgan,
95

Eisenhower, Dwight, 221
Electronarcosis, 98
Electron diffraction, 149-150, 155, 158, 227

at Gates Chemical Laboratory under A.A.
Noyes, 68

Electron microscope, 5, 227-230
for bacteriophage studies, 245, 269

Electrophoresis. See Tiselius electrophoresis
apparatus

Electrophoretic apparatus constructed by
California Institute of Technology
chemistry shop, 180

Eli Lilly, 260
Embree, Edwin, 38
Embryology

chemical, 169
impact of immunology, 1930s, 138
post WW II studies at California Institute

of Technology, 231
serological genetics studies and, 168-170

Embryology and Genetics, by T.H. Morgan,
92

Emerson, Robert, 232-233
views on T.H. Morgan, 97

Emerson, Rollins A., 125
Emerson, Sterling, 168, 196, 204, 211, 231

collaboration with G.W. Beadle, 125-126
collaboration with R.R. Hyde, 168
Neurospora studies, 170, 180-181, 185

Emory, Ellis, taactcriophage studies, 135
Engineering, 17

genetic. See Genetic engineering
human, studies, 34-35
prominence of California Institute of

Technology, 68
Entwicklungsmechanik, school of,

autocatalytic theory and, 109
Enzyme-gene relation, 198-199, 209-210,

230-232, 237-239

Enzymes, 109-110, 214, 227. See also
Autocatalysis

early studies, 108
crystallization of, 111, 125
link to crystallization, 111

Enzyme theory of life, 108-110, 247
Enzymology

bacteriophage studies and, 269-270
DNA studies by A. Kornberg, 272

Ephrussi, Boris, 122
collaborations, with G.W. Beadle, 126-

130
views on Neurospora studies of G.W.

Beadle and E. Tatum, 197
Eugenics. See also Davenport, Charles B.

criticism in the 1920s, 36-37, 39
German, 85
Holocaust and, 220
Human Betterment Foundation activities

and, 83, 84-85
molecular biology program and, 9, 45-46
T.H. Morgan's views on, 83-85
post World War II changes in, 27, 219-

220, 238-239
Protestantism in Southern California and,

63-64
protoplasmic view of life and, 107
relation to Social Control, 22, 27
Rockefeller Foundation links to, 36-39,

41, 45-46
of the 1960s, 275-276
serological studies applied to, 138
in Southern California, molecular biology

program at California Institute of
Technology and, 82-85

sterilization campaign in California, 83
xenophobia post World War I and, 32

Euphenics, 276
Europe

post World War I, Rockefeller Foundation
activities, 218

post World War II, Rockefeller
Foundation activities, 217-218

Evolutionary biology. See Biology,
evolutionary

Fascism, effect on social control, 220
Federal Government

intervention in science
opposition by Warren Weaver, 187,

223-225
role in support of war effort, 171
sponsorship of science, 222-225, 233



292 INDEX

Federal Reserve System, decentralization, 61
Fischer, Emil, 137

chain theory of proteins, 113, 114
"lock and key" model, 165, 173

Fisher, R.A., 85
Fleming, Arthur, 70, 85
Fleming Trust, 73, 86
Flexner, Abraham, 79
Flexner, Simon, 29

molecular biology program, criticism, 8,
170

T.H. Morgan and, 79
Food and drug industries, 13

G.W. Beadle's links to, 200-204
Ford Foundation

funding of
behavioral sciences, 274
for mental deficiency studies, to L.

Pauling, 98, 274
Fosdick, Raymond B., 9, 40, 98, 203, 218

cooperation, views on, 33, 218-221
eugenics, views on, 36-39
Rockefeller Foundation trustee, 31-33

Foundations. See also specific foundations
support of science in the 1920s, 29-30

Freeman, Robert, Reverend
criticism of, 62-63
views on eugenics, 63

Freudianism, influence in 1920s, 38
Frontier thesis, 58-59, 67-68, 224

Gallon Laboratory, University of London,
220

Gamow, George, 273
Garrod, Archibald, 210

impact on Neurospora studies of G.W.
Beadle, 208

Inborn Errors of Metabolism, 127, 198
Gates, Frederick T., 31
Gates Chemical Laboratory, 13, 66, 68, 236,

259
collaboration with Kcrckhoff Laboratory,

147
insulin development, 71-72
interdisciplinary cooperation, 69
under A.A. Noyes, 143-147
L. Pauling as Director, 153
x-ray crystallography studies at, 143-144

Gene-enzyme relation, 198-199, 209-210,
230-232, 237-239

General Education Board, 26
General physiology, 93, 232
Genetic code, 272, 273

Genetic engineering, 272, 280
Genetics

bacteriophage and, 135-136, 247-250
biochemical

background, 127
of G.W. Beadle, relation to

biochemistry group, 130-131
ideal organism for study, 195
Neurospora studies. See Neurospora,

studies
practical applications, effect of World

War II, 205-206
at California Institute of Technology

molecular biology program agenda and,
105-107

post WW II studies, 232
classical

and autocatalysis, 109
at California Institute of Technology,

1930s, 91-92
T.H. Morgan, 105-106
studies by T.O. Caspersson and J.

Schultz, 123
cytoplasmic expression, 125-126
oiDrosophila, 105-106, 195
elucidation of DNA structure and, 271-272
eugenics and, 37
human, Rockefeller Foundation support,

1930s-1950s, 220
immunology and, 1930s, 138
major advances in, 1930s, 132
nutrition and, 201
physicochemical

emphasis at California Institute of
Technology, 11

in priorities of T.H. Morgan, 136-137
studies by J. Schultz, 121-125

physiological, 104
background, 127
at California Institute of Technology,

91-92, 97
T.H. Morgan's agenda, 106-112
protein paradigm development and, 104,

112
plant, European studies of, 127
regulation, comments by A. Sturtevant,

131-132
serological, 138, 164, 237

at California Institute of Technology,
180, 231

collaborative studies of A.H. Sturtevant,
168-171

embryology and, 168-170
studies by G.W. Beadle and B. Ephrussi,

126-132



INDEX 293

Genetics (continued)
at University of Chicago, 15
viral, work of M. Delbriick, 244-256

German biology, T.H. Morgan and, 95
German scientific institutes, model of, 145
German scientists, 127-128, 132

M. Bergmann. See Bergmann, Max
C. Correns, 127
M. Delbruck. See Delbriick, Max
R. Goldschmidt. See Goldschmidt, Richard
influence on Mrs. Kerckhoff, 90
A. Kuhn and E. Caspari, 127
J. Loeb. See Loeb, Jacques
W. Ostwald. See Ostwald, Wolfgang

Goddard, Henry, 28
Goldschmidt, Richard, 105, 109, 127, 198,

199
Gosney, Ezra S., 82, 84, 85, 238

president of Human Betterment
Foundation, 83

support of California Institute of
Technology, 85 x

Gosney Research Fund, 238-239
support of California Institute of

Technology molecular biology
program, 236

Grant, Madison, 33
Gray, George, 264

California Institute of Technology story in
Scientific American, 239

sickle cell anemia article in Scientific
American, 258-259

Gregg, Alan, 31, 220, 260
influence on psychobiology agenda, 47

Growth factors, 194-195
Grunberg-Manago, Marianne, 273
Guggenheim Fellowship

H.J. Muller, 133
L. Pauling, 147

Guggenheim Foundation, 188

Haagen-Smit, Arie, 131, 185
Hagedoorn, A.L., autocatalytic theory and,

109
Hahn, Otto, 133
Haldane, J.B.S., 37, 122, 170, 199

correspondence with J. Schultz, 122
influence on G.W. Beadle, 127, 198

Hale, George Ellery, 29
biographical background, 64-65
at California Institute of Technology, 68-69

Hanson, F.B., Rockefeller Foundation
officer, 206

Haptens, 166
Harreveld, Anthonie van, 98, 232
Harvard University

molecular biology research site, 1930s, 49
Rockefeller Foundation funding, 13
war mobilization activities, 172

Haurowitz, Felix, 174
Hecht, Selig, 96, 122
Hegemony, Rockefeller Foundation role in

creation of, 6-11, 28
Heidelberger, M., 169, 174

antibody-antigen studies, 166
review of artificial antibody studies of L.

Pauling, 175, 181-182
Hemoglobin

chromatographic studies by W.A.
Schroeder, 259

and sickle cell anemia, 257-259
studies by L. Pauling, 149-150

Henderson, L.J., 221
Herriott, Roger, 269
Hershey, Alfred, 252, 269-270

bacteriophage studies, 245
mutations, 247
radioisotopes, 270

collaboration with M. Delbriick, 244, 249
recombination studies, 253

Nobel Prize, 244
Heterocatalysis, 137, 272

and genetic code, 273
Hixon Fund, 98, 179, 274
Holocaust, effect on eugenics programs, 220
Homeostasis, 16
Hoover, Herbert, 30, 34

American Individualism, 69
A.A. Noyes and, 145
social agenda of, 39

Hoover Dam project, 60
Horowitz, Norman, 204, 207, 209, 213, 237
Hotchkiss, R.D., 115, 210
Houston, W.V., 230
Human Betterment Foundation, 37

activities of, 83-85
eugenic campaign, 156
sterilization campaign, 98
transfer of assets to California Institute of

Technology, 238
Human engineering. See Engineering, human
Human genome project, 276
Huntington, Collis P., 59
Huntington, Henry

medical complex at California Institute of
Technology and, 71-72

Owens Valley project and, 60
Huntington Hospital, 179, 251



294 INDEX

Huxley, Julian, 37, 276
Huxley, Thomas H., 27, 264

protoplasmic view of life, 107
Hyde, R.R., collaboration with Sterling

Emerson, 168

Johnson Immigration Act of 1924, 37
Jordan, David Starr, 83
Judson, Harry Pratt, policy outline for

Rockefeller Foundation, 26

Immigration, 25
Southern California, 59-62

Immunochemistry
at California Institute of Technology, 175—

177
post WW II studies, 231
during WW II, 161-190

A. Tyler and, 168-170
Immunology. See also Antibodies; Antibody-

antigen reaction; Genetics,
serological; Immunochemistry

at California Institute of Technology, 171
1940 onward, 164-171

Committee of Medical Research
sponsorship, 164-165

genetics and, 1930s, 138
at Rockefeller Institute, 139
technologies applied to, 137-138, 166,

175-176, 179-180
Inborn Errors of Metabolism, by A. Garrod,

127, 198
Indiana University, 245-246, 253
Infrared photography, 155
Institute de Biologie Physico-Chimique,

G.W. Beadle's visit to, 126-127
Institute of Biological and Medical Research

proposal, 72
Institute of Racial Biology proposal, 41
Instructive theory of antibody synthesis, 173-

175, 258
Instruments. See specific instruments;

Technology
Insulin development, at Gates Chemical

Laboratory, 71-72, 144
International Education Board. See under

Rockefeller Foundation
Irwin, M., 170
Is America Safe for Democracy?, by W.

McDougal, 33
Itano, Harvey, 257

Jewett, Frank B., 220
president, National Academy of Sciences,

1939-1947, 171
Johns Hopkins School of Hygiene and Public

Health, 168

Kabat, Elvin, 181
Kaiser Wilhelm Institute, 132-133
Karolinska Institute, 122

nucleic acid studies at, 122-123
Keppel, Frederick, 29
Alpha-Keratin, helical structure, 157, 261-

263
Kerckhoff, Mrs. William, 87-89
Kerckhoff, William, 80
Kerckhoff Laboratory, 13, 90, 99, 147, 260

commercially related studies from, 185-
186

early problems, 87-91
as model of chemistry-biology cooperation,

160-161
Khorana, Gobind, 273
Kilgore, Harley M., idea for National

Science Foundation, 223
Kirkwood, John G., 237, 261
Koch F.C., 14
Kornberg, Arthur, DNA studies of, 272
Krueger, A.P., 250
Kuhn, Alfred, impact on G.W. Beadle, 127

Laboratory of Medical Chemistry, at
California Institute of Technology,
proposed, 259-261

Lancefield, R.C., collaboration with A.H.
Sturtevant, 168

Landsteiner, Karl, 137, 169, 170, 173-174
agglutination studies, 138
artificial antibody studies of L. Pauling,

critical review, 175, 181
L. Pauling and, 151, 165

antibody formation studies, 166
Langmuir, Irving, 109, 116, 147
Langmuir Prize in Chemistry, L. Pauling,

147
Lashley, K., 14
Laura Spelman Rockefeller Memorial

eugenics and, 27-28
foundation of, 24
policies of, 182
scope, 1920s, 39
support of human sciences in the 1920s,

35-36
Laurente de No, R., 98



INDEX 295

Lawrence, Ernest O., 177, 219
League of Nations, 32
Lederberg, Joshua, 195

eugenics, views, 275-276
sexual mating in bacteria, 248

Lederle Laboratories, 178, 200, 260
"The Lesson of the Bomb," 224
Levene, Phoebus A.T.

early nucleic acid studies of, 110
tetranucleotide hypothesis, 110-111

views on Max Bergmann, 115
Lewis, G.N., 146
Lilienthal, David, 221
Lillie, Frank, 29, 81, 106

eugenics, views, 41
influence on psychobiology agenda, 46-47
Institute of Racial Biology proposal, 41
serological reactions and fertilization

studies, 169
at University of Chicago, 14-15

Lindegren, Carl, Neurospora studies, 125,
196, 197

Linderstrom-Lang, K.V., 271
Link, Karl, 153

views on T. Svedberg, 114
Lister Institute, 153
Lock and key model, 137, 165, 173
Loeb, Jacques, 79, 81, 93, 94, 109, 134, 169

engineering ideal, 11, 17
protoplasmic view of life, 107-108
views of T.H. Morgan, 105

Loomies, W.F., 263
Loring, Hubert, 212
Los Angeles, commercial development, 59—

60
Los Angeles General Hospital, 179
Ludlow Massacre, 28
Lumley, F.E., 36
Lummis, Charles Fletcher, views on race, 61
Luria, Salvador, 229

collaboration with M. Delbriick, 244
multiplicity reactivation phenomenon, 253

Lwoff, Andre, 248, 254
Lysogeny, of bacteriophage, 254

Macromolecules, 5, 16, 113, 135, 172-173,
214, 227, 257, 269

protein, technology applied to, 166
Magnetometer, applied to hemoglobin

studies of L. Pauling, 150
Magnuson bill, 224
Malaria, 259
Marine Biological Laboratory at Woods

Hole, 14, 29

Marine Biological Station at Naples, 95
Marrack, J.R., antibody-antigen studies, 166
Marshall Plan, 221, 233
Mason, Max, 29, 43, 188

background, 39-40
at California Institute of Technology, 98,

234
molecular biology development and, 8, 41,

43, 144
Rockefeller Foundation president, 1929, 39
University of Wisconsin and, 13

Massachusetts Institute of Technology, 28,
188

Radiation Laboratory, 235
war mobilization activities, 172

Mass-spectrographic analyses, 229
Mathematics, applied to study of

bacteriophage, 135-136
Matthaei, Heinrich J., 273
Mayo, Elton, 221
McClintock, Barbara, collaborations with

G.W. Beadle, 125
McDougal, William, Is America Safe for

Democracy?, 33
McMahon Act, 253
Medical research at California Institute of

Technology, program proposed by L.
Pauling, 179-185, 259-261

Medicine. See also Chemistry, medical
at California Institute of Technology,

molecular biology program and, 46-
47, 81-82, 85-86

Kerckhoff endowment, 87-91
California Institute of Technology link to,

171
at Columbia University, 14
M. Delbruck's views, 251-252
effect on biological research, 6, 190
at Harvard University, 13
immunological studies of L. Pauling, link

to, 166, 179
molecular. See Molecular disease
at Stanford University, 14
at University of Chicago, 14
at University of Wisconsin, 13

Meitner, Lise, 133
Mental deficiency, biochemical studies

Ford Foundation funding for, 274
by L. Pauling, 275

Merck and Company, 237
support of Neurospora studies of G.W.

Beadle, 202-203
war projects, 200

Merriam, John C.
and T.H. Morgan, 79
and A.A. Noyes, 145



296 INDEX

Meselson, Matthew, 272
Michaelis, Leonor, 96, 113
Michelson, Albert A., 68
Microbiology. See also Molecular biology
Microscope. See Electron microscope
Miescher, Friedrich, 107
Military activities, at California Institute of

Technology, during WW II, 177-185
Miller, H.M., 98, 181-182, 188
Millikan, Robert A., 29, 33

biographical background, 66-67
life science at California Institute of

Technology and, 1920s, 68-69
Nobel Prize, 66
L. Pauling and, 152-153
resignation from California Institute of

Technology Executive Council, 188
views

on cooperation, 156
on race, 67-68
on Rockefeller Foundation support of

California Institute of Technology, 156
W. Weaver and, 43

Mirsky, Alfred E., 169
collaboration with L. Pauling, 151-152
protein-folding theory of, 174
views on work of O.T. Avery, 248

Model building
applied to protein structure, 157, 261-264

Moe, Henry Allen, 217-218
Mohr, Otto L., 79
Molecular architecture, 261-264
Molecular biology, 3, 45

agenda for, 1930s, 46-47, 49-50
analytical ultracentrifugc and, 43
central questions of, 272-277
conceptual changes in, 280-282
criteria defining, 4-6
eugenics and

after 1960 and, 275-277
in the 1930s and, 9, 41

genetic engineering and, 272
historiography, 4-11, 18-19, 107, 123,

164, 198, 208, 210, 273-274
impact of technologic developments on,

137-139, 225-233
origin of term, 4, 49
rational control based on, 40-41, 45-49,

274-277
as vision of life, 16-18, 281-282

Molecular biology program
at California Institute of Technology. See

under California Institute of
Technology

description, 9

inauguration, 45-50
relation to Social Control, 22
W. Weaver and, 8, 45-50
World War II and, 204-207

Molecular disease, 259, 274
sickle cell anemia as example, 258

Molecular vision of life
defined, 16-18
shift from protein paradigm to DNA

paradigm, 271-277
sickle cell anemia studies and, 258

Monod, Jacques, 131, 248
Morgan, Thomas Hunt, 12, 29, 38, 41, 49

agenda, role of physiological genetics,
106-112

anti-Semitic views, 96, 97-98
G.W. Beadle and, 126-127
biographical background, 77
at California Institute of Technology, 12,

15
molecular biology program

contradictions, 90-100
medicine and, 81-82, 85-86
service role, 80-82
strategy for, 89-91
vision, 79-80, 92-100

Drosophila studies, 105
A. Einstein and, 95
R. Emerson and, 97
genetics, classical, establishment, 105-106
Nobel Prize, 90
scientific career, 78-79
scientific priorities, 1932-1940, 136-137
views

on eugenics, 83-85
on European science, 95-96
on physicochemical biology, 93-95

Mount Palomar Observatory, 156, 226
Rockefeller Foundation support of, 219

Mount Wilson Observatory, 64, 68
Muller, Hermann J., 37, 199, 210

autocatalysis theory
influence on, 198-199

eugenics, views on, 275
Guggenheim fellow, 133
Nobel prize, 110

National Academy of Sciences
G.W. Beadle, 190
G.E. Hale, 65, 68-69, 79
F. Jewett, president, 171
R.A. Millikan, 68, 79
T.H. Morgan, 79
A.A. Noyes, 68, 145



INDEX 297

National Committee for Mental Hygiene, 27
National Defense Research Committee, 171,

186
National Foundation of Infantile Paralysis,

funding of molecular biology at
California Institute of Technology,
234, 236, 260

National Institutes of Health, 260, 273
National Research Council, 29

R.A. Millikan and, 67
T.H. Morgan, 79
A.A. Noyes, 145

National Research Council Fellow
G.W. Beadle, 125
L.A. DuBridge, 235
L. Pauling, 147

National Science Foundation, 224
opposition of W. Weaver, 223-224
origins, 223
vs Rockefeller Foundation, 224

Nazism, 276
relation to social control, 220

NDRC. See National Defense Research
Committee

Neel, James V., 258
Neurophysiology, 90, 98
Neurospora, studies

applied, effect of World War II, 205-206
of G.W. Beadle, ]8« 190, 196-199

amino acid synthetic pathways, 207
background, 196
commercial aspects, 199-204
conclusions, 206-208
military requirements and, 208-209

at California Institute of Technology, 12
of S. Emerson, 180-181
of C. Lindegren, 125, 196
World War II effects, 199-205

New biology. See Molecular biology
New Deal, 223
New York University, 245-246
NFIP. See National Foundation of Infantile

Paralysis
Niemann, Carl

appointment to Crellin Laboratory, 153
attack on cyclol theory of Dorothy

Wrinch, 116, 155, 160
at California Institute of Technology, 115,

167
post WW II organic studies, 230

studies, with M. Bergmann, 115-116,
160

Nircnberg, Marshall, 273
Nobel Institute for Medical Cell Research

and Genetics. 124

Nobel Prize, 8, 87. See also under specific
individuals

G.W. Beadle, 8, 168
F. Crick. See Crick, Francis
M. Delbriick, 244
R. Dulbecco, 255
A. Hershey, 244
K. Landsteiner. See Landsteiner, Karl
I. Langmuir, 116
J. Lederberg. See Lederberg, J.
S. Luria, 244
R.A. Millikan, 66
T.H. Morgan, 90

lecture content, 123
HJ. Muller, 110
J.H. Northrop, 111
L. Pauling. See Pauling, Linus
W.M. Stanley. See Stanley, Wendell M.
J.B. Sumner, 125
T. Svedberg, 112
E.L. Tatum. See Tatum, Edward L.
A. Tiselius, 114
J.D. Watson. See Watson, James D.

Norman Bridge Laboratory, 65, 68
Northrop, John, 96, 169

bacteriophagc studies, 269-270
M. Dclbriick's views, 250
support for theory of autocatalysis, 111

Novick, Aaron, 247
Noyes, Arthur A., 29, 49, 66

biographical background, 146
California Institute of Technology, life

science program and, 68-69
death, effects, 152-153
Gates Chemical Laboratory under, 143-147
views

on interdisciplinary cooperation, 69, 145
on L. Pauling, 149

vision of, 145
NRC. See National Research Council
NSF. See National Science Foundation
Nuclear fission, 33

Berkeley cyclotron and, 178, 219
Nucleic acids. See also DNA; RNA

biological specificity of, 248
at California Institute of Technology, post

WW II studies, 231
chromatography of, 231
early studies of, 110-111
European studies, 1930s, 122-123
as genetic determinants, 210
studies of T.O. Caspersson and J. Sehultz,

123
Nutrition

applied to Drosophi/a, E. Tatum, 195



298 INDEX

Nutrition (continued)
contribution of genetics, 201
studies of H. Borsook, 186-187
utility of Neurospora studies of G.W.

Beadle and E. Tatum, 199-200
Nutrition Foundation, 205, 237

Oak Ridge National Laboratory, isotope
division, 252-253

Ochoa, Severe, 273
Office of Naval Research, 223, 237
Office of Scientific Research and

Development, 171, 203, 223, 229, 234
California Institute of Technology

contracts, 164-165, 177, 179, 186
Vannevar Bush and, 223
war projects, 200

Ogburn, William F., cultural lag, 34
O'Melveny, Henry

business interests, 70
Kerckhoff Laboratory endowment and,

87-89
One-gene—one enzyme hypothesis, 197-198
Oregon Agricultural College, L. Pauling at,

146
ORNL. See Oak Ridge National Laboratory
Orthomolecular psychiatry, of L. Pauling,

275
OSRD. See Office of Scientific Research and

Development
Osterhout, W.J.V., 79
Ostwald, Wolfgang

autocatalytic theory and, 108
colloid biochemisty studies, 113

Overbeck, Jan van, 130
Owen, Ray D., recruitment by California

Institute of Technology, 237
Owens Valley project, 60

Painter, Theophilus
Drosophila genetics, 91, 123, 132

Park, Robert E., 36
Passing of the Great Race, by M. Grant, 33
Pasteur Institute, 248, 254
Patents

on artificial production of antibodies, 175,
177

on Neurospora products, 202-203
Rockefeller Foundation policy and, 178,

202-203
Patterson, A. L., application of Fourier

series to X-ray spectra, 115

Pauling, Linus, 49
biographical background, 146-147
H. Borsook and, 97, 148
at California Institute of Technology, 12

Chairman, Division of Chemistry and
Chemical Engineering, 153

medical research development, 179-185,
259-261

molecular biology program
post WWII, 186-190
Rockefeller Foundation and, 1945,
225-233
during WWII, 179-185

organic chemistry program of, 155
research interests, 1930s, 147-148
vision of program, 184
war projects, 172

Committee of Medical Research and, 178
cyclol theory of Dorothy Wrinch,

controversy, 155, 159-160
double-helix structure of DNA, views, 271
eugenics and, 156, 276
Ford Foundation and, 98, 274
immunology and, 139, 151, 165-177, 181-

185, 185-190
Langmuir Prize in Chemistry, 147
leadership style, 147, 149
R.A. Millikan and, 152-153
molecular models of, 261-264
"The Nature of the Chemical Bond," 147
A.A. Noyes's death and, 152-153
Office of Scientific Research and

Development and, 179
Orthomolecular psychiatry, 275
patent application, 177
post-World War II organization of science

and,186-188
protein chemistry program of, 104, 143,

148, 150, 151, 154-160, 155-156, 227,
256-264

protein structure studies, 156-161
with R. Corey, 157-158
technologies applied to, 148-151,
154-160, 157-161, 227

protein-folding theory of, 174
recruitment of G.W. Beadle, 1945, 211-

214
scientific honors, 147
scientific philosophy, 173-174
structural complementarity and, 174
studies

antibody formation, 161
commercial support for, 178
with M. Delbriick, 172-177

artificial antibodies, 174-184



INDEX 299

Pauling, Linus (continued)
atomic architecture, with R. Corey, 148
on hemoglobin, 149-150, 256-259
immunological, 161, 165-166, 171
sickle cell anemia, 256-259
x-ray diffraction, 143-144, 228, 261

and W. Weaver, 148-149, 173, 177, 183-
184, 186-188

Pearl, Raymond, 38
Penicillin, 200, 208
Personality studies, 34-35
Phage. See Bacteriophage
Pharmacology

utility of Neurospora studies of G.W.
Beadle and E. Tatum, 199-200

war projects in, 200
Phipps Institute, 29
Photography, infrared, 155
Photosynthesis research, 233
Physicists' war, 186
Physics, 45

application to bacteriophage studies of M.
Delbriick, 246-247

at California Institute of Technology,
biology and, 98-100

quantum, 43
in Drosophila studies, 132, 133

Physiology. See also General physiology
at California Institute of Technology, 82,

85, 97, 232
molecular biology program agenda and,

106-107
weaknesses, 98-100

plant, 80-81, 185, 214
relation to general physiology, 1920s, 93-

94
Pirie, N.W., 254

criticism of Bergmann-Niemann studies,
115

views on L. Pauling, 177
Plaque assay, 255
Polio, 232, 234, 239, 255
Pomerat, Gerald, 261
Popenoe, Paul, 37, 82, 84
Population control

and C. Barnard, 221-222
and R.B. Fosdick, 36-39
and L. Pauling, 274

Price, Bronson, criticism of Human
Betterment Foundation, 85

Principles of Scientific Management, by F.
W. Taylor, 69

Progressive Era
foundation support of human sciences

during, 28

social control development during, 24-
25

Protein chemistry
M. Bergmann and C. Niemann studies,

115-116
early studies of, 108-109
and genetics, 116, 225
L. Pauling's program of, 143, 148-151,

154-160, 155-156, 227, 256-264
studies of, 1930s, instrumentation and,

112-116, 137
work of A.A. Mirsky, 151-152

Protein-folding theory, 174
Protein paradigm

at California Institute of Technology, 11,
143, 148-151, 154-161, 225, 227-231,
237, 256-264

history, 104, 107-109
molecular biology program at California

Institute of Technology and, 104, 107,
172-177, 189-190

shift to DNA paradigm, 271-277
Proteins

chain theory of, 113
chemistry of. See Protein chemistry
molecular models of, 261-264
research

L. Pauling and. See Pauling, Linus
physiological genetics and, 104, 112, 116
vs nucleic acid research, at California

Institute of Technology, 104, 256-264
Protestantism

R.B. Fosdick and, 31
link with material success, 30-32
negative effects of Depression on, 45
Rockefeller Foundation programs and, 10,

25-26
role in L. Pauling's life, 146
social control and, 23
in Southern California, effect of, 62-63,

63-64
W. Weaver and, 42
work ethic, 25-26

Protoplasmic theory of life of T.H. Huxley,
27, 107

Psychiatry, orthomolecular, 275
Psychobiology, 8, 46-49

at California Institute of Technology,
97

L. Pauling's studies in, 275
relation to Social Control, 22

Psychology, 24, 25
behaviorism in, 35
influence in 1920s, 38
view of W. Weaver, 47-48



300 INDEX

Rabi, Isodor, 221
Race, 25, 41, 44-45

eugenics and, 9, 37
Institute of Racial Biology, 41
R.A. Millikan's views, 67
myths, in Southern California

development, 61-63
social control and, 23

Race Life of the Aryan People, by Joseph
Pomeroy Widney, 61

Radiation Laboratory, Massachusetts
Institute of Technology, 235

Radioisotopes, 5, 252-253
in antibody formation studies, 175
in bacteriophage studies, 252-253

by A. Hershey and M. Chase, 270
in DNA genetic studies, 272

Reproduction, nucleic acid and, 231
proteins and, 108-110

Research Corporation, 203, 237
Ribonucleic acid. See RNA
Richards, A.N., Committee of Medical

Research, 172
sponsorship of G.W. Beadle, 206
sponsorship of L. Pauling, 178

Riddle of life, 111, 133, 135, 244, 252, 269.
See also Secret of life

The Rising Tide of Color Against World-
Supremacy, by L. Stoddard, 33

RNA, 210
early studies, 110
messenger, 272

synthetic, 273
Robertson, T.B., 109

autocatalytic theory and, 108
Robinson, Henry

investor in Throop College, 65, 70
and A.A. Noyes, 145

Rockefeller, John D.
Protestantism and, 25
Standard Oil, 24, 25

Rockefeller, John D. Ill, 234
Rockefeller, John D. Jr. , labor problems, 28
Rockefeller Fellowship, 123

M. Delbriick, 132
B. Ephrussi, 126
J. Monod, 131
J. Schultz, 122
E. Wollman, 254

Rockefeller Foundation
academic decisions and, 6-7, 182-183,

185, 250
California Institute of Technology and,

3-4, 13, 49-50, 144, 280-282
1948, 237-238
cooperation in research and, 69

Christianity and material success and, 30-
32

commitment to social reform, 25-26
Council on Foreign Relations, 218, 221
early criticism of, 28-29
early institutions founded by, 26
eugenics and, 38-39, 41

early projects funded by, 9, 27-29
federal organizations and, 1930s, 40
foundation, 24
funding

of analytical ultracentrifuge
development, 113-114

of Berkeley cyclotron, 219
of Columbia University, 13-14
of Harvard University, 13
of human engineering studies, 34-35
of psychology, 35
of Stanford University, 14
of University of Chicago, 14
of University of Wisconsin, 13

humanities division, 218
post World War II activities, 219

human relations and, 274
influence, 1910-1920, 28-29
interdisciplinary research and, 7
International Education Board, 9, 33, 79
International Health Division, 218
Laura Spelman Rockefeller Memorial, 27-

28, 39, 44, 48
Medical Sciences Division, 6-11, 50, 218

post World War II activities, 219
1930s, 39-50

molecular biology program
design, 45-50
exemplified by Crellin Laboratory

programs, 155-160
National Research Council and, 79
National Science Foundation vs, 224
Natural Sciences Division, 6, 44, 46, 49, 218

commercial support of research, policy,
178

director W. Weaver. See Weaver,
Warren

post World War II activities, 218, 219
1930s, 39-50

officers
E.E. Day, 48
E.R. Embree, 38
A. Gregg, 31
F.B. Hanson, 206
W.F. Loomies, 263
H.M. Miller. See Miller, H.M.
G. Pomerat, 261
W. Weaver. See Weaver, Warren
R. Wickliffe, 9, 33



INDEX 
301

National Sciences Division (continued)
organizational changes, 1929, 39
patronage of science by, 10-11
policy, 26-27, 30, 89, 177-178, 182,

264
on assessment of scientific merit, 182
on commercial profit, 182, 202
on cooperation in research, 6-7, 69
effect of World War II, 204-206
on eugenics, 27-28, 36-37, 38-39, 41

post World War II, 219-220
international, under Chester Barnard,

221-223
on intervention in military matters, 204-

205
Marshall Plan and, 221
outline by Harry Pratt Judson, 26
post World War 1, 218
post World War II, 217-225, 233-234

presidents
C. Barnard, 221-223
R.B. Fosdick. See Fosdick, Raymond
M. Mason. See Mason, Max

protein paradigm development and, 104
psychobiology program, 1930s, 46-50
Science of Man agenda. See Science of

Man agenda
social control and, 25-26
Social Sciences Division, 218

post World War II activities, 219
1920s, 39-50, 47

trustees
backgrounds, 10, 30-31
J.F. Dulles, 177, 221
S. Flexner. See Flexner, Simon
R.B. Fosdick. See Fosdick, Raymond B.
H.S. Gasser, 156
H.P. Judson, 26
H.A. Moe, 217-218
R.L. Wilbur. See Wilbur, R.L.
J.H. Willits, 48
O.D. Young, 31

World War II and, 177-178
Rockefeller Institute for Medical Research,

8, 179, 248
O.T. Avery, 181
early nucleic acid studies, 110
immunology studies, 139
R.C. Lancefield, collaboration with A.H.

Sturtevant, 168
K. Landsteiner, 138

antibody formation studies, 166
J. Loeb. See Loeb, Jacques
A.E. Mirsky, collaboration with L.

Pauling, 151-152, 165
W.J.V. Osterhout, 79

L. Pauling and medical establishment and,
166

Rockefeller philanthropies, attitude toward
basic research, 26

Roosevelt, Franklin D., 171, 224, 234
Roosevelt, Theodore, 24

The Winning of the West, 58
Rose, Wickliffe, 9, 33
Ross, Edward Alsworth, social control and,

22-23
Rural, Beardsly

director, Laura Spelman Rockefeller
Memorial, 39

influence on rise of social sciences, 35-36

Sanger, Frederick, amino acid structure of
insulin, 273

Schmitt, P.O., 188
Schoenheimer, Rudolph, 13
Schrodinger, Erwin, 147, 246

heredity code script, 272
Schroeder, Walter A., 229, 261

chromatographic analyses of hemoglobin,
259

Schultz, Jack, 167
biographical background, 122
at California Institute of Technology, 91,

122
collaborations

with T.O. Caspersson, 122-124
with A. Tyler, 122

genetics studies, 121-125
research career, 124-125

Science of Man agenda, 8, 9, 17, 280
eugenics and, 9, 45-46
inauguration of, 41, 45-46
molecular biology program at California

Institute of Technology and, 98
objectives, 49

pure vs applied research in, 48
Science the Endless Frontier, by Vannevar

Bush, 223, 224
Scott-Moncricff, Rose, 127, 210
Secret of life, 3, 14. See also Riddle of life
Sharp and Dohme, 200, 203
Sickle cell anemia, 150, 256-259

L. Pauling's views, 274
Singer, J.S., 257
Sinsheimer, Robert, 276
Social control

academic concept of, 25
contribution of biology, 36-37
contribution of human engineering studies,

34-35



302 INDEX

Social Control (continued)
contribution of psychology, 35-36
decline of ideology, 274
early formulations, 22-29
effect of fascism and Nazism, 220
eugenics and, 27
personality and behavior research and, 24
post World War II environment, 219-220
during the Progressive Era, 24-25
Protestantism and, 23
race and, 23
Science of Man agenda and, 49
views of R.B. Fosdick, 33-34
views of L. Pauling, 274-275

Social Science Research Council, 29, 220
support of human sciences in the 1920s,

35-36
Social sciences

relation to molecular biology, 17
rise in 1920s, 38-39
view of W. Weaver, 47

Sociology
early formulations, 22-23
service role of, 23

Sommerfeld, Arnold, 68
Southern California

business leaders, and California Institute
of Technology, 70

development, 59-61
Federal Reserve System decentralization

and, 61
life science at California Institute of

Technology and, 80
medical needs of, 71
migratory farm labor and, 62

eugenics circles in, 37, 82
immigration, 59, 60, 62-64
labor unrest, 1920s, 62-64
Protestantism and, 62-63
race problems, 1920s, 61-62, 63
social control, 1920s, 62-64
as Western frontier symbol, 59

Spectrophotometer, 143, 155
Spectrophotometry, absorption, of nucleic

acids, studies by T.O. Caspersson and
J. Schultz, 123

Spectroscopy, 5
Spencerian doctrine, 27, 61, 63, 82
Squibb, E.R., and Sons, 200
SSRC. See Social Science Research Council
Stahl, Franklin W., 272
Standard Oil, 24, 25

antitrust problems of, 28
Stanford University

funding by Rockefeller Foundation, 14
A. Kornberg, 272

molecular biology research site, 1930s, 49
recruitment of G.W. Beadle, 131
R.L. Wilbur, president, 38, 203

Stanley, Wendell M., 199, 229
giant protein molecules and, 227
influence on G.W. Beadle, 198-199
tobacco mosaic virus studies, 11-112, 134

impact on M. Delbriick, 134-135, 250
Staudinger, Hermann, studies on

biopolymers, 113
Sterilization, in California, 63, 83
Stern, Curt, 79
Stoddard, Lathrop, 33
Sturtevant, Alfred H., 78, 104-105, 106, 196

administration, 168
autocatalysis theory, views, 110
at California Institute of Technology, 91,

92
collaboration with J. Schultz, 122
interaction with M. Delbriick, 136
serological genetics studies, 168-171

collaboration with G.W. Beadle, 125-126
Drosophila studies, impact on G.W.

Beadle and B. Ephrussi, 128-129
gene regulation, views, 131-132
personal characteristics, 168
recruitment of G.W. Beadle, 1945, 210-

212
Summerfeld, Arnold, 147
Sumner, John B., 125
Svedberg, Theodor, 43, 113

critics of, 114-115
electrophoresis apparatus, 114
protein structure studies of, 114
ultracentrifugation studies on proteins,

112-113
Szilard, Leo, 247

Taliaferro, W.H., 15, 182
Tatum, Arthur, 194
Tatum, Edward L., 128, 195

collaborations, with G.W. Beadle
on Neurospora, 180-181, 197
at Stanford, Drosophila studies, 194, 195

scientific background, 194-195
sexual mating in bacteria, 248

Taylor, F.W., 69
Technology, 5. See also Instruments; specific

instruments
advances

relation to immunology, 137
relation to molecular biology, 8, 49,

137-139
at California Institute of Technology, 11
molecular biology development and, 5, 7



INDEX 303

Technology (continued)
at California Institute of Technology,

post WW II, 227-230
serologic genetics and, 166-167

Terman, Lewis M., 29
Thiemann, Kenneth, collaborations with

G.W. Beadle, 131
Thompson, D'Arcy

protoplasmic view of life and, 107, 115
scientific work of, 108

Thorndike, Edward L., 38
Throop College (precursor to California

Institute of Technology), 59, 64-67
Timofeff-Ressovsky, N.W., 130
Tiselius, Arne, 114. See also Tiselius

clectrophoresis apparatus
Tiselius electrophoresis apparatus, 5, 261

artificial antibody production and, 175
immunology and, 138-139
molecular biology and, 137
for serological genetics, 166
sickle cell anemia studies and, 258, 259

Tobacco mosaic virus, studies, 111
electron microscopic, 229-230
of H. Loring, 212
of W.M. Stanley, 111-112, 198-199, 250

Todd, Alexander, 153
Tolman, Richard C., 144, 172
Transforming principle, of O. Avery, 231
Transplantation experiments, in Drosophila,

by G.W. Beadle and B. Ephrussi,
129-130

Troland, L.T., 199, 210
promoter of autocatalytic theory, 109-110

Truman doctrine, 221
Turner, Frederick Jackson, frontier thesis,

58-59, 224
Tyler, Albert, 245

at California Institute of Technology
graduate student, 92
immunological studies, 138

chemical embryology studies of, 168-171
collaboration with J. Schulz, 122
protein paradigm and, 169-170

Ultracentrifuge, 5, 229, 261
analytical

arrival in U.S., 138
colloid chemistry and, 113-114
development, 112-113
impact on protein chemistry, 137

in sickle cell anemia studies, 258
United Service Organization, 221
United States Department of Agriculture,

200, 237

United States Public Health Service, 237
University of California, 212

Berkeley, 146
University of Chicago, 247

biology of sex research, 14
medical research, 14-15
molecular biology research site, 1930s, 49
Rockefeller Foundation funding, 14

early, 26
social science projects in the 1920s, 35-36

University of Copenhagen, mental
defectiveness studies, 220

University of Freiburg, studies of Hermann
Staudinger, 113

University of Illinois, interest in M.
Delbriick, 249-250

University of London, Gallon Laboratory,
220

University of Manchester, interest in M.
Delbruck, 250

University of Pennsylvania, 253
University of Rochester, 235
University of Uppsala, 43, 112, 123
University of Utrecht, 97, 185, 195, 232
University of Wisconsin, 40, 153, 188, 235,

237
agricultural research, 194
molecular biology research site, 1930s, 49
Rockefeller Foundation funding, 13

Urey, Harold C., 13

Vanderbilt University, 237
M. Delbruck at, 136

1940-1947, 244-250
Vanderlip, Frank A., 24-25
du Vigneaud, V., 188
Viruses, 214

animal, Renato Dulbecco, 254-255
bacterial, as models of gene action, 12,

232, 244-245, 247
crystallization and, 111
early views of, 110
Mendelian genetics and, 247
as "naked genes," 134-135
structural components, 269-270
technologies applied to, 137

Vitamin assays, development by G.W.
Beadle, 205-206

Vitamins, 88, 153, 155, 195, 227, 232
Vogt, Marguerite, 254-255

Wallenberg Laboratory of Experimental Cell
Research, 124



304 INDEX

Walsh Commission, criticism of Rockefeller
Foundation, 28

Washington University (St. Louis), 245-246
Watson, James D., 253, 256

Cold Spring Harbor Symposium
presentation of DNA structure, 271

DNA structure studies, 269-271
Watson, John B., "Behaviorist Manifesto,"

35
Weaver, Warren, 234

background, 42-44
at California Institute of Technology,

1917-1920, 148
California Institute of Technology visits

148-149, 175-176
molecular biology, origin of term, 4
molecular biology development, role, 8,

42-44
and L. Pauling, 146, 173, 177, 183-184,

186-188
post World War II scientific policy, role,

223-225
psychobiology agenda and, 47
at Rockefeller Foundation, director of

natural sciences division, 42-44, 148
University of Wisconsin and, 13
views

on alpha-helix structure discovery, 264
on antibody formation studies, 173
on post-World War II organization of

science, 187-188
on Rockefeller Foundation's war effort

responsibilities, 177
on social sciences, 47-48
on viruses, 134

Weiss, Paul, 14, 15
Welch, William, 71
Wells, Ibcrt C., 257
Went, Fritz, 97, 135, 155, 185, 213
Western Regional Department of

Agriculture, support of G.W. Beadle's
research, 203

Wheldale, Muriel, 127
Whitman, W.O., 81
Widney, Joseph Pomeroy, views on race, 61
Wiersma, Cornelis, 98, 232
Wilbur, Ray, 14, 38

Stanford University president, 203
Williams, John W., 112, 188
Williams, R.J., 206, 263
Willits, Joseph H., 48
Wilson, Edwin B., 14, 81

criticism of Rockefeller Foundation, 28-29
Wistar Institute, 212
Wollman, Elie, Rockefeller Foundation

Fellow, 254

Work ethic, 25-26
World War I

the chemists' war, 186
effect on role of science, 7, 29

Rockefeller Foundation policies, 218
xenophobia, 32-33

World War II
California Institute of Technology

military activities, 177-186
L. Pauling's medical research plans and,

179
molecular biology program and, 164-165,

185-188, 204-207
national mobilization of scientific

establishment, 171-172
life sciences, 186, 200, 204

the physicists' war, 186
post-

changes in eugenics rhetoric, 27, 238-
239

changes in molecular biology, 273-274,
277

European views of America, 217-218
organization of science, 187

Rockefeller Foundation operations in
response to, 177-178

Rockefeller Foundation programs in
Europe and, 218

Wright, Sewall, 14, 210
Wrinch, Dorothy, cyclol theory, 116

controversy with L. Pauling, 159-160
views of N.W. Pirie, 177

Wyckoff, Ralph W.G., 157

X-ray crystallography, 5, 12, 160, 227, 261
applied to protein structure, 157

at California Institute of Technology,
post WW II, 228

at Gates Chemical Laboratory, California
Institute of Technology, under A.A.
Noyes, 68

studies by R. Corey, 157-158

Yerkes, Robert M., 29, 38
human engineering studies of, 34-35

Young, Owen D., 31

Zechmeister, Leszlo, chromatographic work,
228-229

Zimmer, K.C., 133
Zoology, 14, 93


	Contents
	Introduction
	Molecular Biology (A New Biology?)
	Rockefeller Foundation: Knowledge and Cultural Hegemony
	Caltech: Engineering and Consensus
	Molecular Vision of Life

	1. "Social Control": Rockefeller Foundation's Agenda in the Human Sciences, 1913&#8211;1933
	Salvation through Experts
	Taming the Savage
	Toward a "New Science of Man"

	2. Technological Frontier: Southern California and the Emergence of Life Science at Caltech
	Machine in the Pacific Garden, 1900&#8211;1930
	The Cooperative Ideal: Toward a Life Science at Caltech

	3. Visions and Realities: The Biology Division in the Morgan Era
	Morgan and the New Biology: A Problem of Service Role
	Contradictory Elements

	Interlude I. Protein Paradigm
	Heredity and the Protein View of Life
	Chemistry of Proteins during the 1930s: Theories and Technologies

	4. From Flies to Molecules: Physiological Genetics During Morgan Era
	Jack Schultz: A Bridge to the Phenotype
	Beadle, Ephrussi, and the Physiology of Gene Action
	The Riddle of Life: Max Delbrück and Phage Genetics
	Nascent Trends: Toward Giant Protein Molecules

	5. Convergence of Goals: From Physical Chemistry to Bio-Organic Chemistry, 1930&#8211;1940
	Gates Chemical Laboratory, 1930
	Vital Processes: Pauling and Weaver
	Crellin Laboratory: Nascent Trends

	6. Spoils of War: Immunochemistry and Serological Genetics, 1940&#8211;1945
	Terra Incognita: Shift to Immunology
	Problem of Antibody Synthesis
	Science at War
	Terra Firma: 1944&#8211;1945

	7. Microorganisms and Macromanagement: Beadle's Return to Caltech
	New Biological System
	Selling Pure Science in Wartime
	Beadle's Return to Caltech

	Interlude II. At a Crossroads: Shaping of Postwar Science
	Rockefeller Foundation and the New World Order
	Designing "Big Science": Caltech's "Magnificent Plan"

	8. Molecular Empire (1946&#8211;1953)
	Life in a Black Box: The Rise of Delbrück's Phage School
	Key Team Member: Delbrück and the Phage Cult
	Protein Victory, Pure and Applied

	Epilogue Paradigm Lost? From Nucleoproteins to DNA
	Conclusion
	Key to Archival Sources
	Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	R
	S
	T
	U
	V
	W
	X
	Y
	Z




