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ABSTRACT — In 1957, Francis Crick outlined a startling vision of life in which the great
diversity of forms and shapes of macromolecules was encoded in the one-dimensional
sequence of nucleic acids. This paper situates Crick’s new vision in the debates of the 1950s
about protein synthesis and gene action. After exploring the reception of Crick’s ideas, it
shows how they differed radically from a different model of protein synthesis which
enjoyed wide currency in that decade. In this alternative model, advocated by Linus
Pauling and other luminaries, three-dimensional templates directed the folding of proteins.
Even though it was always considered somewhat speculative, this theory was supported by
a number of empirical results originating in different experimental systems. It was eventu-
ally replaced by a model in which the forms and shapes of macromolecules resulted solely
from their amino acid sequence, dramatically simplifying the problem of protein synthesis
which Crick was attempting to solve in 1957.
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Introduction

The world comes in three dimensions. Yet, the living world is per-
petuated in one. The bewildering diversity of forms and shapes that
constitutes life, from macromolecules to whole organisms, is specified in
a linear sequence of simple units. This perplexing vision of life is one of
the key landmarks in the intellectual history of the life sciences in the
twentieth century. Today, the success of genomics and bioinformatics
testifies to the power of this original conception of nature. In 1957,
Francis Crick, one of molecular biology’s leading theorizers, played an
essential role in promoting this new vision by formulating several bold
propositions, including one he called ‘the Central dogma’. He defined
the problem of protein synthesis, or how cells produce a wide variety of
molecular structures, as a question about the transfer of one-dimen-
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sional information from nucleic acids to proteins. In this sense, he
departed from previous conceptions, such as Linus Pauling’s, where
three-dimensional structures served as molds or templates for the pro-
duction of other three-dimensional structures. This shift represented a
major step in the reductionist agenda of the life sciences, since it
reduced some of the major problems of biology to a single dimension
(Morange 2000, chapter 13).

In exploring how this particular change came about and attempting
to situate the central dogma in the intellectual history of the life sci-
ences, [ will argue that it represented a radical departure from another
model of protein synthesis, whose importance and generality has gener-
ally not been recognized in the literature on the history of molecular
biology (Olby 1970; Thieffry and Sarkar 1998; Morange 2000, chapter
12; Fruton 1999, chapter 8; Kay 2000, chapter 4; de Chadarevian 2002,
chapter 6; Judson 1996, chapter 6).! By considering Crick’s 1957 paper
(Crick 1958) in this context, one can gain a better understanding of its
historical significance and of its current meaning, as it still serves today
as one of the intellectual foundations of the life sciences.

The Central Dogma

Francis Crick, a physicist-turned-biologist from Cambridge formulat-
ed the central dogma in a lecture on protein synthesis given at
University College London in September 1957. He presented several
hypotheses to account for a number of experimental facts that had
recently been published. Most of Crick’s claims were unoriginal.
Following his tendency to interpret the work of others, he spelled out
assumptions that colleagues had left implicit in their own work (Olby
1970, 976). He asserted, for example, that the specificity of a piece of
nucleic acid resulted from the sequence of its bases (not its three-dimen-
sional structure), and that ‘this sequence is a (simple) code for the amino
acid sequence.” He called this proposition the ‘Sequence hypothesis’,
and believed it to ‘be rather widely held’ (Crick 1958, 152).2 The second
key idea he proposed was that ‘once “information” has passed into pro-
teins it cannot get out again’ what Crick called the ‘Central Dogma’
(Crick 1958, 153). By ‘information’, Crick meant the precise order of

1 However, H.F. Judson does emphasize the ‘working out of the idea of specificity’ as one-dimen-
sional sequence (p. 582), but ignores how this idea replaced the alternative model discussed in this
paper.

2 Crick published a similar account a year earlier in Scientific American, where he discussed ‘the
hypothesis which my colleagues and T call the Central Dogma’ (Crick 1957, 198).
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the units along a nucleic acid or protein chain, i.e. its sequence. In other
words, proteins did not influence the sequence of nucleic acids or other
proteins; they contained information, but did not pass it on. Thus,
nucleic acids were causally prior to protein, and in a certain way, more
fundamental. This view reflected the then growing idea that DNA was
the most important component of the cell, its ‘master plan’ (Gaebler
1956, 170; Keller 1995, chapter 2) or as geneticist George Beadle put it
in 1957, ‘a recipe for constructing a person’ (Beadle 1957, 399).3 What
is perhaps most remarkable in Crick’s views of protein synthesis is what
it leaves out. For Crick, giving an answer to the problem of protein syn-
thesis amounted to explaining how a protein acquired its amino acid
sequence. On the subject of protein conformation, the three-dimen-
sional folding up of the polypeptide chain, he remained almost com-
pletely silent. Given the fact that such diverse phenomena as the ability
of hemoglobin to carry oxygen, of antibodies to recognize antigens, and
of enzymes to carry out their catalytic activity all rested on the respec-
tive conformation of these proteins, how could Crick simply ignore this
question? How could he claim to review the problem of protein syn-
thesis without addressing the essential feature that made protein
uniquely functional?

This intellectual step was made possible by making a bold assump-
tion, namely that protein ‘folding is simply a function of the order of the
amino acids’ (Crick 1958, 144). Thus, for a cell to make a specific pro-
tein, it was only necessary to specify its amino acid sequence, since its
conformation and function would follow automatically. This key
assumption simplified the problem of protein synthesis tremendously, as
Crick recalled in 1970:

Because it was abundantly clear by that time that a protein had a well defined three-
dimensional structure, and that its activity depended crucially on this structure, it
was necessary to put the folding-up process on one side, and postulate that, by and
large, the polypeptide chain folded itself up. This temporarily reduced the problem
from a three-dimensional one to a one-dimensional one. (Crick 1970, 561)

Crick could thus focus on the relationships between nucleic acid
and protein sequences, speculating on the biochemical underpin-
nings (the role of RNA, the adaptor hypothesis) and the theoretical
consequences (the coding question) of this problem. This assump-
tion also gave the central dogma its empirical content. Indeed, pro-
tein sequences and conformations were tremendously difficult to

3 Beadle acknowledged that it also required, in addition to an egg, ‘some ten tons of food and a
suitable environment’ (p. 399).
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determine experimentally, but protein activity could easily be mon-
itored by a number of biochemical essays. Changes in sequences
would then be inferred from changes in protein activity. Before
examining how it became scientifically reasonable to make this key
assumption, something Crick did not address in his recollection, I
will briefly outline the reception of the central dogma, which will
show how this assumption came to be embedded in the more pop-
ular understanding of the central dogma.

The Reception of the Central Dogma

The central dogma rapidly gained wide acceptance and by the mid
1960s, one is hard pressed to find any criticisms of its main ideas in the
scientific literature.# Even though some of Crick’s proposals were quite
speculative when he presented them in 1957, they gained empirical sup-
port in the immediate following years. By 1961, a biochemist wrote in
Nature that ‘[the Central dogmal] is almost universally accepted’ (Leslie
1961), and another one claimed that its core idea was ‘so fundamental
to present day thinking in the field of molecular biology that it has right-
fully been referred to as the “central dogma™ (Mahler and Fraser 1961).
A few years later, another researcher wrote in The Lancet that ‘the Crick
dogma is so authoritative that a good deal of experimental evidence
would be needed to disestablish its all-embracing validity’ (Field 1967).
Another editorial published in 1967 noted that ‘modern trinitarians
have a deep faith in the Central dogma of molecular biology’
(Anonymous 1967, 705).> Biochemist Felix Haurowitz, from Indiana
University, was one of the rare dissenting voices. In the 1963 edition of
his book entitled Chenzistry and Biology of Proteins, he remarked that it
would seem ‘strange indeed that nature should not have made use of the
transfer of information from protein to protein and also from protein to
nucleic acids’ (Haurowitz 1963, 438). The central dogma became more
widely known when James Watson described it in his popular textbook,
Molecular Biology of the Gene, published for the first time in 1965, a text
that would train several generations of molecular biologists. For
Watson, the central dogma amounted to a simple diagram, DNA’
RNA’Proteins’, or ‘DNA makes RNA makes Proteins’ (Watson 1965,

4 The major exception being the biologist Barry Commoner, whose views will not be discussed
here because they remained extremely marginal, see Commoner 1964, 3316-3317.

5> They were called ‘trinitarians’ for their belief in the exclusive importance of DNA, RNA and pro-
teins.
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315),¢ a slogan that conveniently summarized the intellectual agenda of
the new discipline.

In order to understand, beyond its sheer acceptance, the reception of
the central dogma, one can examine episodes in which it was purport-
edly challenged, for moments of transgression reveal accepted norms,
values and theoretical commitments. Reverse transcription, i.e. the pro-
duction of DNA from an RNA template, and the replication of the
scrapie agent, have represented two such challenges.

In 1970, Howard Temin and David Baltimore announced independ-
ently that they had isolated an enzyme, reverse transcriptase, that could
copy RNA sequences into DNA sequences. An editorial in Nature
claimed that this discovery had ‘reversed the Central dogma’
(Anonymous 1970), prompting Crick to publish a note restating that
RNA-to-DNA information transfer was not excluded in his original
scheme, but only in Watson’s simplified version (Crick 1970; Darden
1995). The claims that information transfer from RNA to DNA chal-
lenged the central dogma were thus short lived.

The case of the agent causing the scrapie disease represented a much
more serious challenge and the only one Crick worried about in 1970
(Crick 1970). In the 1960s, a number of experimental results pointed to
the fact that the agent causing scrapie in sheep might be composed sole-
ly of proteins, not of nucleic acids, unlike all viruses and other
pathogens (Keyes 1999a; Keyes 1999b). Thus, if this unusual agent
replicated without the intervention of DNA or RNA, it would violate
the central dogma, as several authors remarked, since information
would be passed from proteins to proteins. However, this was not the
only possible interpretation. The scrapie agent could also activate an
existing gene in the cell, inducing its own synthesis, or change the con-
formation of preexisting proteins (Griffith 1967). Surprisingly, both of
these cases have also been interpreted as violations of the central dogma.
A comment published on the second interpretation in The Lancet in
1967 asserted that ‘this would invalidate the accepted dogma of present
day molecular biology in which D.N.A and R.N.A. control all biological
activity’ (Lewin 1972). An editorial about the third mechanism, pub-
lished in Nature Genetics in 2002, claimed that ‘Crick’s original propos-
al [...] simply stated that information flow in the cell goes from nucleic
acids to proteins. The obvious exception to this statement is the prion
hypothesis, whose father, Stanley Prusiner, was awarded a Nobel Prize’
(Anonymous 2002).

6 In this scheme, Watson even omits the DNA to DNA transfer, which is however included on p.
298.
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These comments reveal that the central dogma was understood in a
much broader sense than either Crick or Watson had intended. The
central dogma came to mean that nucleic acids were the sole determinant
of protein specificity in the broadest sense of the word, i.e., not only protein
sequence, but also protein conformation and activity, or as an editorial-
ist put it bluntly, DNA controlled ‘all biological activity’ (Lewin 1972).
Crick was careful to restrict his formulation to the definition of
sequences and only assumed that these would determine the conforma-
tion and biological activity of proteins. This difference between Crick’s
statement and its reception points, once again, to the importance of this
crucial assumption made by Crick, namely that protein conformation
was determined by amino acid sequence. In order to understand how
Crick could assume in 1957 that ‘the polypeptide chain folded itself up’,
one needs to explore how protein formation was explained in the pre-
vious years. Linus Pauling was one of the most vocal advocates for a the-
ory whereby proteins acquired their conformations from three-dimen-
sional templates.

Pauling’s Model of Biological Specificity

Linus Pauling was perhaps the leading American physical-chemist
from the 1930s to the 1950s (Hager 1995). Chairman of the Division of
Chemistry at the California Institute of Technology, he made essential
contributions to explaining chemical properties, such as the nature of
the chemical bond, in physical terms. In the late 1930s, he became
increasingly interested in biological macromolecules, elaborating a
molecular vision of life resting on the ‘size and shape of molecules’.”
This view was popular until the late 1950s and served as the theoretical
framework to explain such diverse phenomena as the action of genes,
the formation of antibodies, and the activity of enzymes.

Pauling began his incursion into biology by investigating the struc-
tural chemistry of the blood and the formation of antibodies. His
approach to these different problems was guided, as he put it in a 1938
lecture, by his desire to account ‘for the properties of substances in
terms of the shapes of the molecules of which they are composed’?
rather than by their ordinary chemical properties. In order to explain

7 L. Pauling, typescript, ‘Molecular Architecture and Biological Reactions’, The George
Westinghouse Centennial Forum, Pittsburgh, Pennsylvania, May 17, 1946, p. 7. Oregon State
University, Special Collections, Eva and Linus Pauling papers (OSU Archives hereafter).

8 L. Pauling, typescript, ‘The Structural Chemistry of Blood’, Pomona, California, March 10, 1938,
p. 2, OSU Archives. See also later account such as (Pauling 1970).
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the specificity of macromolecules — why enzymes only reacted with cer-
tain molecules for example — he developed the concept of ‘complemen-
tarity’, inspired by the German chemist Emil Fischer’s ‘lock-and-key’
model of enzyme specificity formulated in the 1890s. For Pauling, speci-
ficity was essentially the result of the complementarity of two shapes,
rather than their chemical composition. He gave a talk in 1946 that con-
veniently summarizes his approach:

The specificity of the physiological activity of substances is determined by the size
and shape of molecules, rather than primarily by their chemical properties, and [...]
the size and shape find expression by determining the extent to which certain sur-
face regions of two molecules (at least one of which is usually a protein) can be
brought into juxtaposition - that is, the extent to which these regions of the two
molecules are complementary in structure.’

The emphasis on complementarity was a consequence of Pauling’s
ideas about the nature of the physical forces at work in biology (Pauling
and Delbriick 1940). For him, weak hydrogen interactions played an
essential role in biological molecules (Pauling and Niemann 1939).
Since the intensity of these forces diminish very rapidly with increasing
distance, two molecules had to be complementary in order to present
the largest possible surface to each other at the closest distance. It is
hard to overestimate the importance of this idea in Pauling’s thinking,
since he applied it to virtually every problem in biology and medicine he

addressed.

Instructive Theories of Antibody Formation

Pauling’s research on antibodies brought empirical support to his
views (Kay 1989; Morange 2000, chapter 12). Indeed, the complemen-
tarity principle was particularly effective in explaining antibody-antigen
interactions, as the physician Paul Ehrlich, following Emil Fischer’s
lock-and-key model, had already suggested (Silverstein 2002). Pauling
elaborated an ‘instructive’ theory of antibody formation, published in
1940, in which immunological specificity, i.e. the structure of the anti-
body, was acquired from the antigen which directed the folding of a
peptide chain into a complementary structure (Figure 1; Pauling
1940).10 For Pauling, ‘all antibody molecules contain the same polypep-

9 L. Pauling, typescript, ‘Molecular Architecture’, 1946, p. 7, OSU Archives.

10 An instructive theory of antibody formation had already been proposed by Felix Haurowitz in
1930, but in his case, the antigen directed the sequence of the peptide chain (Breinl and Haurowitz
1930).
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Fig. 1 - Diagrams representing four stages in the process of formation of a molecule of normal serum glo-
bulin (left side of figure) and six stages in the process of formation of an antibody molecules as the result of
interaction of globulin polypeptide chain with an antigen molecule. There is also shown (lover right) an anti-
gen molecule surrounded by attached antibody molecules or part of molecules and thus inihibited from fur-
ther antibody formation.

tide chains as normal globulin, and differ from normal globulin only in
the configuration of the chain; that is, in the way that the chain is
coiled in the molecule’ (Pauling 1940, 2644). These theoretical
speculations soon gained additional experimental support when
Pauling, together with the Caltech immunologist Dan H. Campbell,
was able to obtain specific antibodies 77 vitro by mixing polypep-
tides and antigens (Pauling and Campbell 1942). Even though these
in vitro experiments, first published in 1942, were not reproduced
in other laboratories, Pauling held them to be correct until at least
1957.11 Pauling’s instructive theory of antibody formation was also
supported by the results of several authors who found the sequence
of different antibodies to be identical (Haurowitz 1956). Pauling’s
‘instructive’ theory was the most widely accepted explanation of
antibody formation, until its replacement by the clonal selection
theory in the early 1960s (Burnet 1941; Burnet and Fenner 1949;
Silverstein 1989, chapter 4).

Pauling did not think that this mechanism of protein formation
was restricted to antibodies. He believed that ‘the same process of
molding of plastic materials into a configuration complementary to
that of another molecule which serves as a template is responsible
for all biological specificity’. In particular, he claimed that ‘genes

11 T, Pauling to F. Haurowitz, January 1, 1957, OSU Archives.
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serve as the templates on which are molded the enzymes which are
responsible for the chemical characters of the organism’.12 In addi-
tion to gene action and antibody formation, Pauling believed that
the principle of complementarity could explain gene replication,
(Pauling and Delbriick 1940), enzyme-substrate interaction, pro-
tein crystallization,'4 or even the occurrence of diseases such as hay
fever.> In the following years, Pauling insisted in numerous speech-
es and papers on how much he hoped this principle would explain
biological and pathological processes.

A number of other researchers used the example of antibodies to
think about protein synthesis more generally. In 1945, Pauling’s col-
league at Caltech, the geneticist Sterling Emerson, had devised sim-
ilar models to explain gene action and gene replication (Figure 2;
Emerson 1945). Similarly, the biochemist Felix Haurowitz held

ENZYME XA

MALTOSE

Fig. 2 - Complementary surfaces: left, section through maltase (ENZYME) with associated maltose
molecule; right, maltose and complementary template.

almost identical views about the formation of antibodies and, like
Pauling, used this case to generalize about protein synthesis. In the
first edition of his book entitled Chemistry and Biology of Proteins,
Haurowitz discussed the relation of amino acid sequence to protein
structure:

2 L. Pauling, Molecular Architecture and the Process of Life, Nottingham: Sir Jesse Boot
Foundation, 1948, p 10, OSU Archives.

15 L. Pauling, typescript, ‘The Pick Lecture’, Nu Kappa Nu Medical Fraternity, University of
Chicago, September 3, 1945, OSU Archives.

14 L. Pauling, typescript, ‘The Interpretation of Some Chemical Properties of Hemoglobin in
Terms of Its Molecular Structure’, December 22, 1947, p. 12 and L. Pauling, typescript, “The
Structure of Antibodies and the Nature of Serological Reactions’, 8 April 1948, OSU Archives.

5 1. Pauling, typescript, ‘The Significance of Structural Chemistry’, George Fisher Baker
Lectureship, Cornell University, October 12, 1937, OSU Archives.
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The synthesis of antibodies is a special case of protein synthesis, but it is cer-
tainly not different from the synthesis of the other proteins such as normal
serum globulin. [...] We have no reasons to assume two different types of pro-
tein synthesis. (Haurowitz 1950, 343-349)

The biochemist Richard L.M. Synge reviewed Haurowitz’s book
very favorably in Nature, in particular the view that ‘three-dimen-
sional folding’ was determined by ‘a variety of [...] cellular con-
stituent’ (Synge 1952). It is important to emphasize that the ques-
tion of protein synthesis was not restricted to the mechanisms by
which a polypeptide acquired its conformation. Indeed, a polypep-
tide had to be synthesized in the first place. Thus, a number of
researchers focused on the biochemical processes that led to the for-
mation of the polypeptide chain. From the 1940s, a ‘multi-enzyme’
theory explained the synthesis of polypeptides by the action of
many specific enzymes, often the same enzymes that were involved
in protein degradation. The biochemist Joseph Fruton at Yale
University, for example, was one of the main proponents of this
view (Fruton 1941; Bartels 1983). Other researchers - for example,
the cellular physiologists Jean Brachet and Torbjorn O. Caspersson
in Europe (Brachet 1944; Caspersson 1950; Sapp 1987; Thieffry and
Burian 1996)16 and the biochemists Paul C. Zamecnik and Ernest E.
Galein in the United States (Rheinberger 1997) - were more inter-
ested in the cellular location and the role of the different cellular
constituents in protein synthesis, rather than the question of how
proteins acquired their final conformation.

In the 1940s, empirical support for the three-dimensional template
model of protein synthesis was scarce and mainly restricted to antibod-
ies. The early 1950s brought new experimental evidence in favor of this
model, arising from two very different experimental systems, enzymatic
adaptation in bacteria and sickle cell anemia in man.

Experimental Support for the Three-Dimensional Template
Theories

The phenomenon of ‘enzymatic adaptation’, later called ‘enzymatic
induction’, was defined as the production of specific enzymes, usually in
bacteria or yeast, following the addition to the media of an ‘inducer’,

16 See also the special issue, edited by D. Thieffry and R. Burian of History and Philosophy of the
Life Sciences, 19(1), 1997.
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usually the enzyme’s substrate. The French biochemist Jacques Monod,
working at the Pasteur Institute in Paris, devised a number of experi-
ments to understand how a small molecule could induce the production
of enzymes. The results of different experiments led him to suggest, in
1945 and a number of times thereafter, that the inducer gave a preexist-
ing polypeptide its three-dimensional structure and hence its specific
enzymatic activity (Monod 1947; Monod and Cohn 1952; Gaudilliere
1992; 1993). This mechanism was believed by Jacques Monod and oth-
ers (such as the biochemist Henry Borsook and the microbiologist
Martin R. Pollock), to be of general relevance for understanding protein
synthesis (Borsook 1956; Pollock 1952).

Sickle cell anemia provided the most clear-cut example of how genes
could specify the conformation of proteins, not their primary sequence.
In 1945, when Linus Pauling learned about sickle cell anemia, he almost
immediately thought that ‘perhaps the Hb changes shape’,'” and set out
to investigate whether sickle cell anemia was not due to an abnormal
form of hemoglobin. In the summer of 1948, Harvey Itano, who had
been hired by Pauling, was able to show that hemoglobin taken from
sickle cell anemia patients differed in an electrophoresis apparatus from
normal hemoglobin. The paper they published in Science a year later,
provocatively entitled ‘Sickle cell anemia, a molecular disease’, made
two important points (Pauling et al. 1949, Strasser 1999). First, it pro-
posed a causal link between an abnormal molecule and its pathological
consequences. Second, it showed for the first time that a gene could
alter the physical properties of a protein and not just determine its pres-
ence or absence. In the following years, Pauling continued to investigate
sickle cell anemia hemoglobin. This research is usually omitted in his-
torical accounts, obscuring the role sickle cell anemia played in the
debates about protein synthesis in the 1950s.

Pauling tried to generalize his sickle cell result to other ‘molecular
diseases’, such as various blood diseases and mental diseases. But above
all, he wanted to pinpoint the exact origin of the hemoglobin differences
in sickle cell anemia. His grant requests to the Office of Naval Research
in 1951, to the U.S. Public Health Service in 1954, and to the Ford
Foundation in 1956, all stressed the importance of this question.18 A dif-
ference in amino acid content would have easily explained the elec-

17 L. Pauling, typescript, ‘The Future of Medical Research’, Talk For UMCA, California Institute
of Technology, August 29, 1945, OSU Archives, 1945s.2; L. Pauling, typescript, ‘The Pick Lecture’,
Nu Kappa Nu Medical Fraternity, University of Chicago, September 3, 1945, OSU Archives, 1945s.3.

18 R. B. Corey to L. Pauling, January 1, 1951; Office of Naval Research 260.7; US Public Health
Service Application, 1954; Ford Foundation, Mental Disorders 234.18, OSU Archives.
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trophoresis results. As Francis Crick recalled, ‘I was convinced (perhaps
rashly) that there would be a change in amino acid composition.’® In
1950, the Caltech biochemist Walter A. Schroeder performed chromato-
graphic analysis of amino acids, but did not find any difference which could
explain the altered electrophoretic mobility (Pauling ez al. 1950;
Schroeder, Kay and Wells 1950). In a subsequent note published in
Science, Pauling, Schroeder and other members of the Chemistry
Division concluded that ‘the electrophoretic differences of the hemo-
globins could not be attributed to differences in [...] amino acid
residues, but is presumably the result of [...] a difference in folding of
the polypeptide chain’. (Pauling ez a/. 1950) This result was confirmed
the same year by the same group and later by another (Schroeder et 4l.
1950; Huisman, Jonxis and van der Schaaf 1955). In order to examine
by a more direct method whether sickle cell hemoglobin was folded dif-
ferently, the immunologist Dan H. Campbell, Pauling’s colleague at
Caltech, set out to examine whether they reacted differently immuno-
logically. As Pauling had expected, they did indeed, suggesting different
conformations of the proteins (Goodman and Campbell 1953). These
results gave additional support to the view that genes acted by directly
defining the conformation of proteins.

As a result, in the mid-1950s, Pauling became more confident than
ever that his views of protein synthesis were correct. In 1954, for exam-
ple, he suggested in his Harvey lecture that normal and abnormal hemo-
globin were ‘composed of the same polypeptide chains, folded, howev-
er, in different ways’. He then outlined the possible genetic implications
of this fact, namely that ‘the gene responsible for the sickle cell abnor-
mality is one that determines the nature of the folding of polypeptide
chains, rather than their composition’.20

Francis Crick, on the other hand, was not so confident, as he recalled
much later: “Their method was in fact too crude to detect such a single
change in amino acid composition. I clearly realized this at the time.’?!
Indeed, there were good reasons to question Pauling’s and Campbell’s
negative results. Crick’s colleague in Cambridge, the biochemist
Frederick Sanger, had sought since the late 1940s to determine the exact
sequence of a small protein, insulin (de Chadarevian 1996). Counter to
what the fashionable Bergmann-Niemann theory of protein structure
predicted (Olby 1979; Judson 1980; Morange 2000, chapter 12),

19 Francis Crick to the author, July 20, 1998.

20 1., Pauling, typescript, ‘Abnormality of Hemoglobin Molecules in Hereditary Hemolytic
Anemias’, 1954, p. 8, OSU Archives.

21 Francis Crick to the author, July 20, 1998.
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Sanger’s results showed convincingly that there was ‘no simple periodic
arrangement of residues along the chains’ (Sanger 1952, 61). In the
1950s, it thus became clear that proteins had a specific sequence? which
could represent a serious candidate for determining their very diverse
conformations. However, Pauling, Haurowitz, Pollock, and others did
not need to alter their views too much to incorporate Sanger’s findings
in their own schemes. They divided protein synthesis into a two-step
process. In the first, genes played a crucial role by determining the
sequence of polypeptides; in the second, gene products, inducers, or
antigens, for example, folded the polypeptides in their final conforma-
tion (Borsook 1956; Haurowitz 1956). Similarly, the publication of
James Watson and Francis Crick’s double helix model of DNA in 1953,
in which the sequence of nucleic bases determined the specificity of the
nucleic acid, was readily incorporated in the three-dimensional template
models of protein synthesis. DNA was postulated to be involved in
specifying protein sequences, as Alexander Dounce had proposed a year
before, or George Gamow just after Watson and Crick’s paper (Gamow
1954; Dounce 1952).2 Another template would then bring the polypep-
tide to assume its final configuration. The demise of the three-dimen-
sional template model of protein synthesis did not come from the dou-
ble helix, but from various other experimental breakthroughs.

The Demise of the Three-Dimensional Template Theories

In 1956, Pauling gave a series of speeches in Italy and France entitled
‘Abnormal Hemoglobin Molecules in Relation to Diseases’.2# The type-
script of his speech contained the same views he had been advocating in
the past years. However, probably sometime during his trip, Pauling
added in handwriting in the margin, ‘Recently (1956) Dr. Ingram in
England has split hemoglobin enzymatically and found by chromatography
that it forms 30 peptides; 29 are the same for HbA and HbS, and the 30th
is different.’> Thus, it became very likely that sickle cell anemia hemo-
globin had a different amino acid composition after all and thus there
was no need to invoke differences in protein folding between the hemo-
globins. The same year, Vernon Ingram, Crick’s colleague in Cambridge,

22 Judson gives a central role to this episode in the history of molecular biology, see in particular
Judson 1993.

3 For a discussion of Dounce’s template model, see Campbell 1953.

24 L, Pauling, typescript, ‘Abnormal Hemoglobin Molecules in Relation to Disease’, Rome, Italy,
1956, OSU Archives.

> 1. Pauling, ‘Abnormal Hemoglobin’, 1956, typescript, unnumbered page. OSU Archives.



504 BRUNO ]J. STRASSER

published his results, and a year later he was able to point to a single
amino acid difference between normal and sickle cell hemoglobins
explaining the difference in the electrophoretic pattern (Ingram 1956;
Ingram 1957). Ingram concluded his paper by stressing that ‘it is now
possible to show, for the first time, the effect of a single gene mutation
as a change in one amino acid of the hemoglobin polypeptide chain’
(Ingram 1957, 326).

The theory of protein synthesis in which genes directed protein fold-
ing had just lost one of its most powerful arguments. Worse, Ingram’s
results supported the alternative theory where genes specified only
amino acid sequences. The two other arguments in favor of the three-
dimensional template model were also losing momentum at the exact
same time. Indeed, the experimental results of David S. Hogness,
Melvin Cohn, and Jacques Monod, showing in 1955 that enzymatic
induction involved de novo synthesis of a protein, not the conversion of
a precursor, cast some doubt on the idea that the inducer directed the
specific folding of a polypeptide precursor (Hogness, Cohn and Monod
1955).26 Similarly, the fact that enzymes could be induced by molecules
that were not substrates, as Monod had outlined in a paper published in
1956 (Monod 1956), seemed to constitute convincing evidence that the
inducer was not concerned ‘with molding the enzyme configuration’
(Schweet and Owen 1957, 203). At the 1957 conference where Francis
Crick presented the central dogma, Martin R. Pollock, a long-time advo-
cate of the idea that inducers served as templates in protein synthesis,
concluded his presentation by ‘it is clear that the cells already possess
the “information” required to produce the specific protein’ (Pollock
and Mandelstam 1958, 200). When in the late 1950s, at the Pasteur
Institute in Paris, the phenomenon of enzymatic induction started to be
compared to lysogenic induction and not antibody formation, the
inducer came to be understood as an element regulating the biosynthe-
sis of proteins, not specifying protein folding.

The support from the experiments on antibody formation also began
to fade in the late 1950s. In 1955, the microbiologist Niels K. Jerne pro-
posed that the information for making antibodies was contained inside
the cells producing them and did not come from the antigens (Jerne
1955; Soderqvist 2003, 175-190). This theory thus contradicted the cur-
rent instructive theories of antibody formation. Two years later, David

26 However, in that paper the authors did not completely abandon the idea that the relationship
between the precursor and the active enzyme was similar to that between ‘the normal and antibody
globulin’, p. 112. Monod was still considering that the inducer could play a role in enzyme folding
three years later (Monod, 1958). For the decline of the inducer as template, see Lederberg 1956.
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Talmage and Frank Macfarlane Burnet independently developed the
clonal selection theory, in which the role of the antigen was solely to
select antibodies of preexisting specificities, not to contribute to their
determination by ‘instructing’ protein folding (Silverstein 1989). This
theory explained several empirical findings, such as the presence of nat-
ural antibodies, that were not well accounted for in the instructive the-
ory of antibody formation. Geneticist Joshua Lederberg rapidly drew
the consequences of this new theory for the genetic control of protein
synthesis, namely that each antibody had a unique amino acid sequence
determined by a unique DNA sequence (Lederberg 1959).

Thus, if genes were only involved in determining the amino acid
sequence of polypeptides, how did proteins fold into the exact confor-
mation that gave them their unique specificity? The answer to this ques-
tion came about through the work of biochemist Christian B. Anfinsen
and his collaborators, working at the National Institutes of Health in
Bethesda. In 1956, they denatured 1 vitro the enzyme ribonuclease,
leading to the unfolding of the peptide chain, the breakage of its four
disulfide bonds, and the loss of activity. When they left the polypeptide
to refold itself spontaneously, not only did it recover its activity, but it
reestablished the exact four disulfide bonds out of 105 possibilities,
regaining its original conformation. Thus, there was no need to postu-
late anything directing protein folding beyond the mere amino acid
sequence of the polypeptide chain. Their results were published in
Science in April 1957 (Sela, White and Anfinsen 1957), five months
before Crick’s lecture. Their model of protein folding came to be known
as the ‘thermodynamic hypothesis’, since it was only guided by thermo-
dynamic laws, not by a three-dimensional template (Epstein,
Goldberger and Anfinsen 1963).27 Four years later, in 1961 at the Cold
Spring Harbor Symposia on Quantitative Biology, Jacques Monod and
Francois Jacob noticed one issue had not been discussed during the
conference, ‘evidently because it is implicitly considered as settled’.
They were referring to the idea that ‘(non-genetic) structural informa-
tion needed to be furnished [...] at the stage of tertiary folding in pro-
tein synthesis’. (Monod and Jacob 1961, 394)28

Thus when Francis Crick began to prepare his conference paper to
be presented in September 1957, the picture of protein synthesis had
just changed radically and Crick was well aware of the results outlined

27 The authors concluded with confidence, ‘there is no need to postulate the existence of a genet-
ically determined template. The folding process is thermodynamically guided, and seems to lead
inevitably, at least with small proteins, to the formation of a unique native configuration’ (p. 447).

28 Ttalics in original. The authors imply, wrongly, that this hypothesis was only considered for non-
genetic information.
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above, since they were produced by some of his closest colleagues and
friends, such as Vernon Ingram and Jacques Monod, or published in the
most visible scientific journals. The complex problem of how proteins
acquired their three-dimensional structure could then be left aside for
physical chemists to worry about. The molecular biologist, on the other
hand, could concentrate on the mechanisms by which nucleic acids
sequences determined protein sequences or, to use the jargon of the day,
he could focus on the ‘flow of information’ (Crick 1958, 144).

Conclusions

Crick’s formulation of the central dogma represented a turning point
in the history of the life sciences. Even though most of its ideas were
unoriginal,?® it defined authoritatively a new intellectual agenda for the
emerging discipline of molecular biology. With regard to protein syn-
thesis and gene action, it restricted the problem to the understanding
the ‘flow of information’, i.e. the transfer of one-dimensional sequence
information between three types of molecules: DNA, RNA, and pro-
teins. The historiography of molecular biology has described how this
new template theory of protein synthesis replaced the multi-enzyme the-
ory (Bartels 1983). However, this perspective obscures how Crick’s
model came to replace another theory, the three-dimensional template
theory, which enjoyed wide currency until the late 1950s.30 According to
its main proponents, this view of protein synthesis remained specula-
tive until its demise, but it lacked neither empirical support nor social
authority, being endorsed by a number of eminent scientists and
Nobel prize winners. By contrasting these two different template the-
ories, this paper tried to highlight the significance of Crick’s propos-
al, in particular the fact that it brought the problem of gene action
and protein synthesis down to one dimension.

Up to the present day, much of the confusion about the central
dogma came about because Crick used the term ‘information’ to
replace ‘specificity’ > He defined information narrowly as ‘the pre-
cise determination of sequence’. By doing so, he conflated three
notions of specificity (functional, structural, and sequential) that
had remained distinct until then and replaced them by a single term,
‘information’. As long as the three remained equivalent, using the

29 See for example the contributions of Norman H. Horowitz and Joshua Lederberg in Gaebler
1956.
30 On the relationship between these two templates theories see Morange 2000, 131.
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notion of information did not raise any ambiguity. However, as soon
as this equivalence broke down, as in the case of prions, the agent
of scrapie disease, where proteins with a unique sequence assumed
different structures and functions, the interpretation of the central
dogma became confused. Any change in structural or functional
specificity which was not related to protein and nucleic acid
sequences came to be understood as an exception to the central
dogma and the sequence hypothesis. Crick himself was very aware
of the limitation of any explanatory scheme, including his own,
focusing solely on nucleic acids sequences. As he put in a letter to
Howard Temin in 1970, ‘I do not subscribe to the view that all
“information” is necessarily located in nucleic acids. The central
dogma only applies to residue-by-residue [sequence] information’.>2
Thus, even for Crick, often heralded as a single-minded crusader for
a DNA-centred vision of life, there was a broader intellectual agen-
da to pursue in molecular biology. Indeed, for Crick in 1970, ‘the
real question to ask is, how much extra information is required, in
addition to DNA and the code, to make a particular cell work?’
Crick did not believe he had answered that question in his famous
lecture on protein synthesis given thirteen years earlier, as he
reflected, unusually insecure, ‘In the naive sense [the sequence
hypothesis] clearly is true. In the highbrow sense it is very difficult
to say exactly what it is.”>
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