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Preface

The fantastically rapid progress of scientific research in the past
decades has had one important, as yet not fully appreciated, cultural
by-product: there are now alive many scientists who can look back
on their own early work, and that of their contemporaries, from a
depth of historical perspective that for scientific disciplines flowering
in earlier times had opened only after all the witnesses of the forma-
tive stages were long dead. Nowadays, for instance, merely middle-
aged molecular biologists have available to them a retrospective view
over their field whose range is comparable to that given to a late-
eighteenth-century colleague of Joseph Priestley or Antoine Lavoi-
sier who, by some miracle, would have been still active in chemical
research and teaching in the 1930s, after atomic structure and the
nature of the chemical bond had been fathomed. This deeper per-
sonal perspective has brought an existential dimension to the history
of science, thanks to which feelings, social interactions, and irra-
tional attitudes are seen to have a much more prominent role in the
advancement of knowledge than had been the case previously.
Admittedly, the role of “inspiration” in scientific discovery, such as
Kékulé’s vision in the fireplace of his lodgings of the formula of the
benzene ring as a snake biting its own tail, has long been given its
due. But the recognition that the very explananda of science, i.e., its
“facts,” are not objective givens but rather the creation of what
Ludwik Fleck called “thought collectives” is a more recent phenome-
non. Although Fleck developed this novel view of the history of sci-
ence in the 1930s, it reached a wider public only in the 1960s,
through the writings of Thomas Kuhn and Paul Feyerabend. But
probably the book that contributed most to the demise of the tradi-
tional view of the scientific enterprise as an autonomous exercise of
pure reason by disembodied, selfless spirits, inexorably moving
toward a true knowledge of nature, was The Double Helix, James
D. Watson’s personal account of the discovery of the structure of
DNA. That book was first published in 1968 and has been read by
more than a million persons, including readers of foreign editions in
at least seventeen different languages.

Although nothing could resemble less a treatise on the philosophy
or sociology of science than Watson’s autobiographical memoir, it
nevertheless brought home, in a painless and enjoyable literary style,
important insights into how the process of scientific discovery
actually works. By now, The Double Helix has found its way into
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many classrooms, as supplementary reading foF courses on gener.al
biology, biochemistry, molecular biology, genetics, sociology, or his-
tory. In order, therefore, to increase its value in such aci?dt.ar.mc coq-
texts, I proposed to Watson to bring out the present cr}tlcal edi-
tion” of the book, in which his original text is accompanied by an
overview of the scientific and historical setting in which the story is
embedded, by retrospective views on the events dt?scrib_ed in the 'text
by two other chief characters of the story (Francis CI.'le anq Linus
Pauling), by a selection of some of the most interetstmg reviews o_f
the book in which other scientists comment and bring to bear t.helr
own experience and views on Watson’s story, and by r‘eproductlons
of the original scientific papers in which the double helical structure
of DNA was first presented. o

We thank the numerous authors and journals for permission to
reproduce their articles and are indebted to Atheneum Press for

granting us the right to reprint The Double Helix.
GUNTHER S. STENT

Introduction

GUNTHER S. STENT

The DNA Double Helix and the Rise of -
Molecular Biology

I learned in my history class at Hyde Park High School in Chi-
cago that the Renaissance began on May 29, 1453, the day Constan-
tinople fell to the Turks. On that date, so I thought, everybody sud-
denly found out that the Middle Ages were over and that the time
had come to rediscover the arts and sciences of classical antiquity.
Although T eventually managed to appreciate the absurdity of pin-
pointing the exact start of an historical era, 1 still hold that the era
of molecular biology began exactly five hundred years—almost to
the day—after the fall of Constantinople. That beginning came on
April 25, 1953, when there appeared an article in the British scien-
tific journal Nature by two young scientists, James Watson (for-
merly a student at Hyde Park High’s rival, South Shore High) and
Francis Crick, reporting the discovery of the DNA double helix.
For as soon as the contents of that article became known—and they
became widely known almost immediately—most biologists inter-
ested in the mechanism of heredity quickly realized that the time
had come to think about genetics in terms of large molecules that
carry hereditary information.

Just as the Renaissance sprang from the confrontation of the
Christian West with the Muslim East, so molecular biology sprang
from the confrontation of genetics with biochemistry. Genetics
itself had begun in 1865, when Gregor Mendel published the results
of experiments in which he had crossbred various strains of the
common garden pea differing from each other in such hereditary
characters as seed shape and flower color. Mendel had studied the
manner in which these characters—round or wrinkled seed, red or
white flower—were distributed among the resulting offspring plants.
The outcome of his breeding experiments led Mendel to conclude
that an organism carries and transmits to its offspring a set of hered-
itary elements, or genes. Each gene determines a single character, so
that the overall appearance of an organism is governed by the total

xi
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set of particular genes which happens to have been passed on to it
from its parents. Mendel’s insights were, however, still too advanced
for his times, and for the next thirty-five years they remained unnot-
iced by the community of biologists. Mendel's work was rediscov-
ered in the year 1900, and during the first twenty years of this cen-
tury, genetics developed into one of the most important frontiers of
biological research. Thanks in large part to the work of Thomas H.
Morgan and his associates, it became known that genes are arranged
in a linear order on the chromosomes. [The chromosomes are
thread-like bodies in the cell nucleus. Before each cell division, each
chromosome splits in two, and during cell division the chromosomes
are distributed in such a way that each of the two daughter cells is
given its own complete chromosome set.] Furthermore, genes were
found to be capable of undergoing sudden permanent changes, or
mutations. A mutation results in a change of the particular heredi-
tary character determined by the gene, such as the change from red
flower color to white.

These insights made possible great advances in the understanding
of life. On the theoretical plane, they provided a firm basis for
understanding evolution. It could now be seen that gene mutation,
being the prime source of biological novelty, is the motor that drives
evolution. And it was realized that what the mechanism of natural
selection put forward by Charles Darwin actually selects are organ-
isms carrying novel genes, or novel combinations of genes, that
confer greater fitness in the struggle for survival. On the practical
plane, genetics brought tremendous benefits. In agriculture, it had
become possible to design rational breeding procedures by means of
which economically superior varieties of traditional crop plants and
domestic animals could be produced. And in medicine, the recogni-
tion of the role of genes in many human diseases provided a ration-
ale for taking measures for their prevention or relief. But through-
out the first half of the twentieth century, while genetics had
become the queen of the biological sciences, the physical nature of
its central concept, the gene, had remained shrouded in mystery. No
one knew of what the gene is made, how it manages to impose its
character on the organism that carries it, or how it reproduces itself
faithfully in cell division.

The mystery of the nature of the gene, and the possibility that the
mechanism of its self-replication and governance of cell function
might be explainable only in terms of hitherto unknown principles
of physics and chemistry, attracted some physicists to genetics. The
eventually most influential of these was Max Delbriick, a pupil of
the great Danish physicist Niels Bohr. In 1935, at the age of twen-
ty-nine, Delbriick made his debut as a biologist by publishing a spec-
ulative paper entitled “On the nature of gene mutation and gene
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structure.” Ten years later, the views expressed in Delbriick’s rather
esoteric and little-known paper were popularized in a widely-read
book entitled What Is Life?, written by the physicist Erwin
?chrﬁdinger, then already very famous. In retrospect, the most
important point made by Schrodinger was that the gene is to be
thought of as an information carrier. And the only reasonable way
ip which genes could be imagined to carry their hereditary informa-
tion is by embodying a succession of a small number of different
repeating elements, or symbols, whose exact pattern of succession
represents an encoded genetic message. Schrodinger illustrated the
vast informational capacity of such a coding system with an exam-
ple that used the two symbols of the Morse code—dots and dashes
—as its repeating elements. Meanwhile Delbriick had already begun
to attack the gene problem experimentally. In 1938, as a postdoc-
toral research fellow at the California Institute of Technology (Cal
Tech) in Pasadena, Delbriick had taken up the study of bacterial
viruses, or phages, as they are usually called. Although phages are
very small and structurally rather simple, ultramicroscopic particles
—less than one ten-thousandth of a millimeter in length—they are
nevertheless endowed with the capacity for self-reproduction. As
l?elbr’ﬁck found, each phage particle infecting a bacterial host cell
gives rise to some hundred identical progeny phage particles within
the half-hour. Thus the central problem of gene replication could be
put in simple terms: just how does the parental phage particle
manage to produce its crop of a hundred progeny during that half-
hogr? Two years later, Delbriick met Salvador Luria, then a recently
arnve.d refugee from war-torn Europe, and Alfred Hershey of
Washington University in St. Louis. This meeting brought into being
the Phage Group, whose members were united by a single common
goal—the desire to solve the mystery of the nature of the gene. In
1?47, Luria, by then a professor at Indiana University, took on the
nineteen-year-old James Watson as his graduate student and initi-
ated him as a member of the Phage Group.

.Although the Phage Group made important contributions to clari-
fying what it is about the gene that is actually to be understood, the
eventual identification of the physical nature of the gene came from
an entirely different tradition. In the 1860s, Mendel’s contemporary,
the Swiss chemist Friedrich Miescher, had discovered that cell
nuclei contain nucleic acid, a previously unknown substance rich in
phosphorous. By the turn of this century biochemists had established
the ubiquitous presence of nucleic acid in plant and animal cells and
had shown it to be composed of four different kinds of nitrogenous
bases, of a five-carbon sugar, and of phosphoric acid. One nitrogen-
ous })ase, one sugar, and one phosphoric acid molecule turned out to
be linked to form the basic nucleic acid building block, the nucleo-
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tide, with the nucleic acid molecule being built up from many such
nucleotides linked through phosphate diester bonds between sugar
molecules. Nucleic acid is, therefore, a polynucleotide chain. By the
1920s it had been ascertained that there actually exist two different
kinds of nucleic acid, one of which is called ribonucleic acid, or
RN A, and the other deoxyribonucleic acid, or DNA. The chemical
composition of these two kinds of nucleic acid is nearly identical,
except that deoxyribose, the sugar molecule of DNA, has one less
hydroxyl group than ribose, the sugar of RNA, and that uracil, one
of the four nitrogenous bases of RNA, lacks a methyl group carried
by thymine, the corresponding nitrogenous base of DNA. However,
these two rather slight divergences in chemical structure turned out
to have as their result a momentous difference in the biological
function of DNA and RNA. The first intimation of this differential
function was provided in the late 1920s by the finding that DNA is
located almost exclusively in the chromosomes, whereas RNA is
located mainly outside the nucleus, in the cytoplasm. And since by
then Thomas Morgan’s work had shown that the genes reside in the
chromosomes, it did not seem farfetched to imagine that DNA plays
some important role in heredity. But as the chromosomes contain
even more protein than DNA, it was not necessary to infer that the
genes are actually composed of DNA. In fact, the majority of
informed opinion considered it virtually certain that the genes are
composed of protein and that DNA merely plays some accessory,
physiological role in hereditary transactions.

The first direct demonstration that DNA is, in fact, the genetic
material was provided in 1944 by Oswald T. Avery and his collabo-
rators at the Rockefeller Institute in New York. Avery had shown
that upon addition of purified DNA extracted from normal donor
bacteria to abnormal recipient bacteria that differ from the donor
bacteria in one mutated gene, some of the recipient bacteria are
transformed hereditarily into the donor type. Thus the normal donor
gene must have entered the transformed recipient bacterium in the
form of a donor DNA molecule and there displaced its homologous
mutated gene. Hence it followed that the bacterial DNA embodies
the bacterial genes. In 1944 this conclusion seemed so radical that
even Avery himself was reluctant to accept it, until he had but-
tressed his experiments with the most rigorous controls. In fact,
Avery’s controls were evidently not rigorous enough for most con-
temporary biochemists and geneticists, and his discovery, though
widely known and discussed, had little influence on thought about
the mechanisms of heredity for the next eight years. Finally, in
1952, Hershey and his young assistant, Martha Chase, showed that
when a phage particle infects its bacterial host cell, only the DNA
of the phage actually enters the cell; the protein of the phage
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remains outside, devoid of any further function in the reproductive
drama about to ensue within. Thus it could be concluded that the
genes of the parent phage responsible for directing the synthesis of
progeny phages reside in its DNA. This second demonstration that
DNA is the genetic material had an immediate and profound impact.
From that time on, all genetic thought was focused on DNA.
Why did Avery’s announcement that DNA is the genetic material
have so much less effect in the marketplace of genetic ideas in its
day than the later Hershey-Chase experiment? The main reason, in
my opinion at least, is that in 1944 the DNA molecule was still
thought to consist of a regular iteration of its four types of compo-
nent nucleotides. Thus it was very difficult to imagine how a DNA
molecule, made up of monotonously repeating units, each contain-
ing one of the four types of nitrogenous bases—adenine, guanine,
thymine, and cytosine—could be the carrier of genetic information.
But that view had changed by 1952. More refined biochemical anal-
yses of DNA, carried out by Erwin Chargaff at Columbia Univer-
sity, had shown meanwhile that DNA does not consist of a monoto-
nous succession of nucleotides and that the four types of nitrogen-
ous bases might follow each other in any arbitrary order in the
polynucleotide chain. Since the relative abundance of the four bases
was found to be different in DNA samples obtained from different
biological sources, it could be envisaged at the time of the Hershey-
phase experiment that any given DNA molecule harbors its genetic
information in the form of a precise sequence of the bases along the
polynucleotide chain. In other words, the repeating elements of
Schrédinger’s proposed hereditary codescript could now be identi-
fied as the four different nucleotides carrying adenine, or guanine,
or thymine, or cytosine. Upon the formulation of this idea, the fun-
fiamental problem posed by biological inheritance could be restated
in terms of two separate functions of the DNA molecule. One of
thesg, the autocatalytic function, consists of the replication of the
precise nucleotide base sequence of the parental DNA to generate
the genetic information to be passed on to the progeny. And the
other, the .heterocatalytic function, consists of the expression by the
D.NA'of its embodied genetic information, by presiding over, or
directing the biochemical reactions that make the organism what it
actua!ly is. But in order to work out how DNA performs these two
functions, it turned out to be necessary to know not only its chemical
composition but also the details of its three-dimensional structure.
Concurrent with the rise of the Phage Group there had also taken
placg a movement into biology of an entirely different group of
physicists. In contrast to the Phage Group, whose efforts were moti-
vated b.y .the desire to understand the physical basis of the hereditary
transmission of biological information, the interest of these other
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persons was focused on the three-dimensional structure—that is, on
the form—of biological molecules. This group of structural analysts,
among whose interests genetics played at most a peripheral role, can
be considered as having descended from W. H. Bragg and W. L.
Bragg. The Braggs, father and son, had invented X-ray crystallog-
raphy in 1912 and founded a school of cyrstallographers that made
Britain the home of the study of molecular architecture. As success
came to the determination of the structures of ever more compli-
cated molecules, these crystallographers became sufficiently
emboldened to train their structural methods also on some very
complex molecules of biological importance. For they had embraced
the idea that the physiological function of the cell cannot be under-
stood in terms other than of the spatial conformation of its ele-
ments. Among the first of the Bragg pupils to engage in this line of
work were W. T. Astbury and J. D. Bernal, who in the late 19308
began to tackle the structural analysis of proteins and nucleic acids.
To designate this approach to the understanding of life processes,
Astbury coined the term “molecular biology.” Though for many
years Astbury made vigorous propaganda in its favor, this neologism
did not find wide acceptance. For instance, prior to April 25, 1953,
no member of the Phage Group thought of or referred to himself as
a “molecular biologist.” But on that day, Delbriick’s circle suddenly
realized—ijust as suddenly as Moli¢re’s Monsieur Jourdain had real-
ized that he was speaking prose—that what it had been doing all
along was molecular biology.

The early work of Astbury, Bernal, and other Bragg pupils was to
provide the foundation for many later advances. However, the first
great triumph of structural molecular biology was not achieved by a
member of the British school, but by Linus Pauling at Cal Tech,
who, in 1951, discovered the basic structure of the protein molecule.
Proteins are also long chain molecules, composed of an arbitrary
succession of twenty different kinds of building blocks, or amino
acids, one joined to the next via a chemical linkage called the pep-
tide bond. Such an amino acid chain is called a polypeptide. Pauling
had set himself the task of determining the spatial conformation of
the polypeptide chain, that is, the shape of the backbone of the large
protein molecule. He found that only a few different helical shapes
are actually possible for the backbone, and predicted that one of
these, called the a-helix, ought to play a dominant role in determin-
ing the shapes of protein molecules—a prediction that was not long
in being confirmed. Pauling's success was due in part to a novel
approach to structure determination, in which guesswork and model
building played a much greater role than in the more straightfor-
ward, analytical procedures used by the British crystallographers.
But however great Pauling’s triumph was, the discovery of the «-
helix did not immediately suggest to anyone Very many new ideas
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about proteins, about how they work or are made. It did not seem
to lc?ad to many new experiments, or to open new vistas to the imag-
ination, except to show how very far one could go by use of the
methods of structural analysis that Pauling had used. Meanwhile, in
W. L. Bragg’s laboratory in Cambridge, Max Perutz and John K’en-
drew 'had been working on the structure of the two oxygen-carrying
proteins, hemoglobin and myoglobin. Their progress had been rather
slow, since in view of the limited tools available at that time, the
task they had cut out for themselves was immensely difficult and
complex. Pauling’s brilliant success came as a bit of a shock to the
Cambridge group, but nevertheless it continued undeterred. The
application of new analytical techniques and the avajlability of ever
more potent computers for the mathematical analysis of their X-ray
photographs finally allowed Perutz and Kendrew to work out the
complete three-dimensional structure of their respective proteins
fifter ne?rly another ten years’ labor. But Pauling’s success in 195 I,
in working out the basic structure of the polypeptide chain, and a
chance meeting with Maurice Wilkins, who was already carrying out
X-ray crystallographic analyses of DNA in London, inspired James
Watson, by then a new Ph.D. continuing his phage work in Copen-
hagen, to try to work out the structure of the DNA molecule. To
gain the necessary skills in X-ray crystallography, Watson joined
Kendrew in Cambridge. There Watson met Francis Crick, to whom
it had also occurred that knowing the three-dimensional structure of
DNA would be likely to provide important insights into the nature
of the gene. Watson and Crick then began a collaboration which, in
the spring of 1953, resulted in their discovery that the DNA mc’)le-
cule? is a double helix, composed of two intertwined polyneucleotide
chains. Tl.le DNA double helix is self-complementary, in that to
each ac!emne nucleotide on one chain there corresponds a thymine
nuc}eotlde on the other, and to each guanine nucleotide on one
C!’lal}'l there corresponds a cytosine nucleotide on the other. The spe-
cificity of this complentary relation devolves from hydrogen bonds
formf:d between the two opposite nucleotides, adenine-thymine and
guanine-cytosine, at each step of the double helical molecule.

On first sight, Watson and Crick’s discovery of the double helical
self-complementary structure of DNA resembled Pauling’s ther;
tyvo—year-ok? discovery of the e-helix, particulary since the forma-
?lOI’l of specific hydrogen bonds also plays an important role in Paul-
;ngs structure. But, on second sight, the promulgation of the DNA
F(.mble. helix emerges as an event of a qualitatively different nature.

Irst, in working out the structure of the double helix, Watson and
Crick had fqr the first time introduced genetic reasoni;g into struc-
tural determination by demanding that the evidently highly regular
structure of DNA must be able to accommodate the informational
element of arbitrary nucleotide base sequence along the two poly-
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nucleotide strands. Second, unlike the protein a-helix, the discovery
of the DNA double helix opened up enormous vistas to the imagina-
tion. It was to provide the highroad to understanding how the
genetic material functions.

This brilliant wedding of structural and genetic considerations
embodied in the DNA helix thus opened the era of molecular biol-
ogy. But Watson and Crick had not only opened that era; they also
dominated the next decade of molecular biological research. Most
importantly, they were in the main responsible for formulating the
central dogma of molecular biology that henceforth guided most
studies on the nature of the gene. It is the existence of the central
dogma that sharply distinguished the Zeizgeist of the molecular biol-
ogy era from that which had preceeded it. For whereas the pre-1953
Phage Group had been groping for the still unimaginable, test and
elaboration of the clearly stated central dogma were now the princi-
pal research agenda.

The central dogma represents a series of beliefs which give a co-
herent account of the mechanisms by means of which the DNA
achieves the two fundamental autocatalytic and heterocatalytic func-
tions. In its most abbreviated form, the dogma states that the auto-
catalytic function is a one-stage process, in which the DNA mole-
cule serves directly as a template for the synthesis of its own DNA
replica polynucleotide chain. The heterocatalytic function, however,
is a two-stage process, in which the second type of nucleic acid,
RNA, becomes involved. In the first stage, the DNA molecule serves
as a template for the synthesis of an RNA polynucleotide chain onto
which the sequence of nucleotides in the DNA chain is transcribed.
In the second stage, the RNA chain is then translated by the cellular
machinery for protein synthesis into polypeptide chains of the
required structure. It is to be noted that an essential feature of the
central dogma is a one-way flow of information from DNA to pro-
tein, a flow the direction of which is never reversed.

This view of the heterocatalytic function of DNA was predicated
on an ancillary dogma, for which there was no proof whatever at
the time it was embraced. This ancillary dogma, or “sequence
hypothesis,” states that the exact spatial conformation of a protein
molecule, and hence the specificity of its biological function, is
wholly determined by the particular sequence of the twenty kinds of
amino acids which make up its polypeptide chains. Hence, the
“meaning” of the particular sequence of the four types of nucleo-
tides making up a sector of DNA corresponding to a gene could be
nothing other than the specification of an amino acid sequence of
some polypeptide chain.

As far as the autocatalytic function was concerned, Watson and
Crick proposed that the parental DNA molecule achieves its replica-
tion upon separation of the two helically intertwined, complemen-
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tary polynucleotide strands. Each of the two parent strands then
serves as a template for the ordered synthesis of its own complemen-
tary daughter strand, by having each nucleotide on the parent strand
attract and line up for the polynucleotide synthesis the complemen-
tary free nucleotide. From the viewpoint of the central dogma, gene
mutations can be seen as rare errors in this template-copy pr’ocess
by means of which changes in the parental DNA nucleotide sequ:
ence arise. These changes evidently cause an alteration of the hered-
itary information encoded into the particular gene represented by
the stretch of DNA in which the copy error had occurred. It took
fxbout five years to prove that this view of the autocatalytic function
is essentially correct.

Detailed understanding of the heterocatalytic function, which
from the very outset of its formulation appeared to be a mo’re com-
plex problem than the autocatalytic function, required a rather
.greater. effort and a somewhat longer time. The central dogma and
its ancillary “sgquence hypothesis” had led directly to the belief that
?here must exist a genetic code that relates the nucleotide sequence
in the DNA polynucleotide chain to amino acid sequence in the cor-
responding  polypeptide chain. A simple consideration quickly
reve'fxled that this code could be no simpler than one involving the
specification of each amino acid in the polypeptide chain by at least
three successive nucleotides in the DNA. That is, four kinds of
nucleotides taken three at a time provide 4 X 4 X :1 = 64 different
cosie words, or codons. Each of the twenty Kinds of protein amino
acuds.could then be represented by at least one such codon in the
genetic code, though the greater number of available kinds of
C(.)(.ions than of kinds of amino acids would allow also for the possi-
blll}y tha.t the code provides for the representation of one kind of
amino acid by more than a single codon. These a priori insights into
the nature of the genetic code had been reached soon after Watson
aqd Crick’s .discovery of the DNA double helix and were first com-
mlttgd to print in 1954 by the physicist-cosmologist George Gamow
But it was not until 1961 that it was finally proven that the genetié
code really does involve a language in which successive nucleotides
in the l?NA polynucleotide chain are read three-by-three in the
|f30lypeipt|de .translation process. That proof came from purely
Oirgl?agiz'netlc experiments carried out by Crick with mutant genes
- altti 0»:;251 alrl‘ w§lll and good to have dempnstrated the formal, infor-
mat principles of the heterocatalytic function. But in order to

ally understand its molecular processes, it became necessary to
iel:nplcr)‘y the methods of biochemistry to open the black box contain-
trang;i (;:::ll(tjllar hardware which actually effects the transcription-
e 1 drama of the c.ent.ral dogma. One of the first insights
n provided by the application of biochemical methods was the
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identification of the ribosome as the site of cellular protein synthesis.
The ribosome is a small particle present in vast numbers in all living
cells. The mass of the ribosome is composed of about one-third pro-
tein and two-thirds RNA. But how is the information for specific
amino acid permutations encoded in the gene made available to the
ribosome in its polypeptide assembly process? In answer to this
question it was proposed in 1961 by Frangois Jacob and Jacques
Monod that the RNA onto which, according to the central dogma,
the nucleotide sequence of the gene is first transcribed, is a molecule
of messenger RNA. This messenger RNA molecule is picked up by
a ribosome, on whose surface than proceeds the translation of RNA
nucleotide sequence into polypeptide amino acid sequence, codon by
codon. In this translation process, the messenger RNA chain runs
through the ribosome like a tape runs through a tape recorder head.
It is to the clarification of the structure of the ribosome, the mecha-
nism of formation of messenger RNA, and the translation of mes-
senger RNA into proteins that Watson and his students eventually
made many critical contributions. How the amino acids are actually
assembled into the correct predetermined permutation by the mes-
senger RNA as it runs through the ribosome had been envisaged by
Crick in about 1958, before the concept of the messenger RNA had
even been clearly formulated. Crick thought it unlikely that the
twenty different amino acids could interact in any specific way
directly with the nucleotide triplet on the RNA template chain. He
therefore proposed the idea of a nucleotide adaptor, with which
each amino acid is outfitted prior to its incorporation into the poly-
peptide chain. This adaptor was thought to contain a nucleotide trip-
let, or anticodon, complementary (in the Watson-Crick nucleotide
pairing sense) to the nucleotide triplet codon that codes for the par-
ticular amino acid to which the adaptor is attached. The anticodon
nucleotides of the adaptor would then form specific hydrogen bonds
with their complementary codon nucleotides on the messenger RNA
and thus bring the amino acids bearing the adaptor into the proper,
predetermined alignment on the ribosome surface. No sooner had
the adaptor hypothesis been formulated than students of the bio-
chemistry of protein synthesis began to encounter an ensemble of
specific reactions and enzymes that gradually resembled more and
more the a priori postulates of that hypothesis. First, a special type of
small RNA molecule, the transfer RNA, was discovered, which con-
tains about eighty nucleotides in its polynucleotide chain. Each cell
contains several dozen distinct species of transfer RNA, each species
being capable of combining with one and only one kind of amino
acid. This transfer RNA turned out to be Crick’s postulated adaptor,
since that transfer RN A species which accepts any given amino acid
contains the anticodon nucleotide triplet in its polynucleotide chain
which is complementary to the codon representing that same amino
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acid in the genetic code. Second, a set of enzymes was discovered
each (?f whose members is capable of catalyzing the combination of
one kind of amino acid with its cognate transfer RNA molecule
Thus the set of enzymes which matches each amino acid with its;
proper transfer RNA adaptor evidently represents the dictionary of
heredity, the cellular agency that “knows” the genetic code.
The actual deciphering, or breaking of the genetic code began with
a discovery made by the then virtually unknown young biochemist
Marshall Nirenberg. In the spring of 1961, Nirenberg had man-
faged to develop a “cell-free” system capable of linking amino acids
into polypeptides. Though Nirenberg was by no means the first to
reassemble in vitro the cellular components for protein formation, his
system hfld one very important advantage over its predecessors: l’1ere
polypeptide synthesis depended on the addition of messenger .RNA
to the reaction mixture. Thus it became feasible to direct the in vitro
torxrnatnon of specific polypeptides by introducing into this system
arbitrary types of messenger RNA. Now when Nirenberg introduced
a sy'nthetically produced monotonous RNA containing only the
uracil nucleotide (instead of the four types of nucleotides present in
natural rr}essenger RNA), he obtained a dramatic result. Addition
of the fnrtlﬁcial, monotonous messenger RNA resulted in the in vitro
ff)rmatlon 'of an equally monotonous polypeptide, namely a polypep-
tide containing only one kind of amino acid: phenylalanine. This
resul.t coulfl have only one meaning: in the genetic code the l.lracil-
ufacxl-m:acﬂ nucleotide triplet represents the amino acid phenylala-
nine. Nirenberg announced his identification of the first codon in
August 1961, at the International Congress of Biochemistry in
‘It/[oscoyv, where it caused a sensation. (Crick later wrote that heywas
electrified.”) Thus at one stroke the breaking of the genetic code
had become accessible to direct chemical experimentation, because
now the effect of introducing various synthetically produceci types of
messenger RNA of known composition into the cell-free protein
synthesizing system could be examined. The Moscow announcement
set off a code-breaking race, which culminated in the deciphering of
the meaning of all sixty-four codons. ’
‘Thus, by the mid-1960s, the general nature of both autocatalytic
?nd he}erocatalytic functions of DNA were understood, Through
fzrrr:ta}tlon of complementary hydrogen bonds, DNA achieves both
nul(l:(l:ei;ril; byhs§rv1ng as a template flor the synthesis of replica poly-
PR ; ¢ halps, making DNA chains for the autocatalytic function
oot ;:1 ains for the heterocatalytic function. RNA, in turn,
o 1:1 des the heterocaFalytlc function by formation of complemen-
culi};s )i’nmﬁen bqnds wnfh the anticodons of the transfer RNA mole-
o u’(t € amino a01‘d assembly processes. The central dogma
boen sor to b‘e essentially correct. The mystery of the gene had
solved, without recourse to hitherto unknown principles of
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physics and chemistry. Watson and Crick had discovered that for-
mation of complementary hydrogen bonds seems to be all there is to
the process by means of which like begets like.
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GUNTHER S. STENT

The Author and Publication of The Double Helix

James Dewey Watson was born in Chicago on April 6, 1928. At

the age of sixteen he enrolled in the University of Chicago, which
granted him a B.S. in zoology in 1947. He carried out graduate
studies at Indiana University, and received his Ph.D. in 1950 for a
doctoral thesis concerned with the lethal effect of X-rays on bac-
terial viruses, written under the guidance of Salvador Luria. Watson
was then awarded a Merck Postdoctoral Fellowship of the National
Research Council, under whose sponsorship he first worked at the
University of Copenhagen and the Danish State Serum Institute, in
the laboratories of Herman Kalckar and Ole Maalge, and later at
the Cavendish Laboratory of the University of Cambridge. How-
ever, during most of the time of his collaboration with Francis Crick
and their discovery of the DNA double helix in Cambridge, Watson
was supported by a fellowship from the National Foundation for
Infantile Paralysis—March of Dimes. Watson left the Cavendish
Laboratory in the fall of 1953, and accepted a position as Senior
Research Fellow at Cal Tech, ostensibly to take charge of whatever
genetic research was still going on in Delbriick’s laboratory. For
Delbriick himself had meanwhile lost interest in the gene problem

(which, he thought, was now in good hands) and had begun to
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study the mechanism by which livin
sunlight into chemical o}; electrical siggn:f:.l ? transform the energy of
In 1956 Watson joined the faculty of the Biology Department of
Harvard University, where he set up a research laboratory in which
many of the leading figures of the next generation of molecular biol-
9glsts were trained. In 1962 Watson shared the Nobel Prize in Med
icine or Physiology with Francis Crick and Maurice Wilkins fo;
tht?ll' qlscovery of the DNA structure. In the same year the N’obe]
Prize in Chemistry went to Max Perutz and John Kendrew. In 1968
Watson left Harvard to assume the directorship of the Coid S r9in
Harbor Laboratory, the small biological station on the North Sphorgt;
of Long Island that Delbriick had once selected as the focal point of
the Phage Group in its formative years. pomte
In the mld-'I 960s, by which time molecular biology had become a
solidly established academic discipline, Watson decided to write
what he called his “personal account of the discovery of the struc
t}lre of DNA.” He had secured the agreement of Harvard Univer-
sity Press to publish these memoirs, and during 1966-67 he circ :
lated a draft manuscript, then titled Honest Jim, among many of tllllt;
persons r.n:crstloned in his story. The draft manuscript evoke}:l some
severe criticism, on the grounds not so much that Watson’s account
Wwas historically inaccurate or self-glorifying, but that it was gratui
tously hurtful in its characterizations of, or ,oﬁhand remarks ibour
many people. In response to these criticisms, Watson removed, or at’
least watered down, some of the offending passages He: also
appendec! an epilogue in which he publicly invited one ‘and all to
correct his account if their remembrances of events and details were
different from his. However, since the person probably most
oﬁ"ende(.l, Rosalind Franklin, being by then no longer alivey could
not avail h?rself of his invitation, Watson took it upon hin;self to
state that his “initial impressions of her, both scientific and personal
é;ljszzcct)lll’ged in the ea'rly pages of this book) were often wrong.” He
ool epilogue with a l?rlef posthumous laudation of Franklin,
o bggaret;t Ifiﬁort to rectify the unfavorable picture of her in the
ropriniod yfrc:) 31 account, But, as reported in the following story,
e mh e New York Times of February 15, 1968, evi-
oY o)f’ b on had not removed enough offending passages to satisfy
rencge o i<t:r1t1cs, and Harvarq University Press was ordered to
had e S hs.lagrement to publish The Double Helix, as the book
b Athenl € been renamed. Consequently, a commercial pub-
Febn;ar e eun:s,sbrouglst qut the book instead, and, prior to the
of Theg » 1968, pubhsatlon date, a slightly abbreviated version
ouble Helix ran in the January and February issues of the

Atlantic Monthl . ;
Books in 1969, Y- A paperback edition was published by Mentor
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A Book That Couldn’t Go to Harvard (1968) 1

For the first time in at least two decades the Harvard Corporation
has overruled the university’s Board of Syndics and has ordered the
Harvard University Press not to publish a book.

Harvard’s Board of Syndics consists of 12 professors who advise
the University Press regarding books to be published. The name
syndic was applied in the past to government officers, magistrates
and agents of corporations. Syndics served in ancient trading com-
panies, and still function at some universities as overseers of such
activities as publishing.

The work in question is The Double Helix, in which Dr. James
D. Watson—now professor of biochemistry and molecular biology
at Harvard—tells of the long struggle to decipher the structure of
DNA (deoxyribonucleic acid). Within that substance is encoded the
information of heredity.

The university halted plans for publication when Drs. F. H. C
Crick and M. H. F. Wilkins, the two men who shared the Nobel
Prize with Dr. Watson for this work, voiced protests.

The book tells the story in highly personal terms, describing the
idiosyncracies of the principals, their quarrels and friendships.

The Double Helix is being published Feb. 26 by Atheneum,
where the man who headed the Harvard University Press at the time
of the controversy last spring is now senior editor. He is Thomas J.
Wilson, who emphasized yesterday that his announced intention to
leave Harvard antedated the episode.

Yesterday, The Harvard Crimson, the university’s student news-
paper, commented editorially that the university administration had
apparently lost sight of the fact that any penetrating biography or
other such work was “bound to offend somebody.”

‘The Crimson said that the episode had “probably” jeopardized the
reputation of the Harvard University Press “for discriminating,
independent judgment.” It added that the incident supported the
view that Dr. Nathan M. Pusey, president of Harvard, was “less
interested in diversity of viewpoint than bland tranquility.”

The Crimson, in a news report on the episode, quoted Dr. Pusey
as saying that the matter had been referred to “some distinguished
scientists” whose advice led to the corporation’s decision.

The scientists were not identified.

+ From the New York Times, February 15, 1968, pp. 1, 4.
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, ’:l::; co;porahtion(,1 the university’s ruling body of which Dr Pusey
ember, decided, said Dr. Pusey, that for Ha publ
¢ - s rvard to publ
t;:e book wo_uld be to take sides in a scientific dispute.” I}lt] \JSh
thought, he sa}ld, that publication by a commercial house . 1 "
more appropriate. woukd be
bop;( 1t1)mver51ty spokesman said yesterday that publication of the
doown bi 18-;}:12, adcolmpagy was assured when the book was turned
ard. In other word i i
Hrpprening fhe per ords, he said, there was no question of
He gave the sequence of events
; as follows: The book was off
itt(; };:;;;i;c:i ::1 t.l;e fal}: ;)f :1 966. The Board of Syndics recorrfrr(l)erfg:g
1f such leadi i i
Wilkins sgrest ading figures in the story as Drs. Crick and
ln(:—;?t;::ergr, they both protested a number of passages and some
mo Spr?nlgortl!slewgre rr(;adefa. érhey continued to oppose publication and
L Sprit oard of Syndics recommended publicati i
their objections. Thereu i skesman the rhu.
. pon, according to th i
was referred to the corporation by Mr.gW(i)lsone Ppokesman. the fssue
wﬂ’l”sl:)e corporation decided against publication, although Mr
wils n, rfepresenthg the Harvard University Press, and the S ndiCS-
saymgn:ha?vi(:r of t;i. Ig’lr. Wilson was quoted by the CrimsZm as
was the first such in hi
untvetsty publishing hoese ch veto in his 21 years as head of the
It was not possible to establish when a v

. et .
Prior to the last two decades, o had occurred, if any,
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A Personal Account of the Discovery
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Foreword by Sir Lawrence Brag3

THIS ACCOUNT of the events which led to the solution of
the structure of DNA, the fundamental genetical material,
is unique in several ways. I was much pleased when Wat-
son asked me to write the foreword.

There is in the first place its scientific interest. The dis-
covery of the structure by Crick and Watson, with all its
biological implications, has been one of the major scien-
tific events of this century. The number of researches which
it has inspired is amazing; it has caused an explosion in
biochemistry which has transformed the science. I have
been amongst those who have pressed the author to write
his recollections while they are still fresh in his mind,
knowing how important they would be as a contribution
to the history of science. The result has exceeded expecta-
tion. The latter chapters, in which the birth of the new
idea is described so vividly, are drama of the highest, order;
the tension mounts and mounts towards the final climax.
I do not know of any other instance where one is able
to share so intimately in the researcher’s struggles and
doubts and final triumph.

Then again, the story is a poignant example of a dilemma
which may confront an investigator. He knows that a col-
league has been working for years on a problem and has
accumulated a mass of hard-won evidence, which has not
yet been published because it is anticipated that success is
just around the corner. He has seen this evidence and has
good reason to believe that a method of attack which he
can envisage, perhaps merely a new point of view, will lead
straight to the solution. An offer of collaboration at such
a stage might well be regarded as a trespass. Should he
go ahead on his own? It is not easy to be sure whether
the crucial new idea is really one’s own or has been un-
consciously assimilated in talks with others. The realization
of this difficulty has led to the establishment of a some-
what vague code amongst scientists which recognizes a
claim in a line of research staked out by a colleague—up to
a certain point. When competition comes from more than
one quarter, there is no need to hold back. This dilemma
comes out clearly in the DNA story. It is a source of deep
satisfaction to all intimately concerned that, in the award
of the Nobel Prize in 1962, due recognition was given to

1
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ent investigation by Wﬂkms at King’s Col-
lege (London) as well as to the bnlhan;dand rapid final
solution by Crick and Watson at Cambridge. orv_the

Finally, there is the human interest of téxq s oarl?{icular
o B b e e s vk P

an fro ]

Eﬁgnf?aﬁﬁgs{nThose who figure in the bookbmuts};ta:ei?g
it in a very forgiving spirit. One must remem ertribution
book is not a history, but an autoblogra.phlcal cotrtl1 bution

the history which will some day be written. As the thor
i If says, the book is a record of impressions ra1
E{annsehistor}':c;.l facts. The issues were often n‘loreth com\pjV :fé
and the motives of those who had to dqal w1(t)hn tte‘ren ere
less tortuous, than he realized at the time. o e ing o
hand, one must admit' 1gxathl('n:;l e111’cmt1ve un

i ten strikes . )
hu?hme1 g\?tl%ltgrofxas shown the manuscript to sonllle (;,fs t:(si
who were involved in the story, and we have Sergs%)nally
corrections of historicl fact bore &0 e Ct e e fresh
nt to er )

iegzvaengd(tﬁiglcl:rcltezs with which impressions have been re-

: i interest of this book.
corded is an essential part of the interes W. L. B.

the long, pati

Preface

HeRre I relate my version of how the structure of DNA
was discovered. In doing so I have tried to catch the at-
mosphere of the early postwar years in England, where
most of the important events occurred. As I hope this book
will show, science seldom proceeds in the straightforward
logical manner imagined by outsiders. Instead, its steps
forward (and sometimes backward) are often very human
events in which personalities and cultural traditions play
major roles. To this end I have attempted to re-create my
first impressions of the relevant events and personalities
rather than present an assessment which takes into account
the many facts I have learned since the structure was
found. Although the latter approach might be more ob-
jective, it would fail to convey the spirit of an adventure
characterized both by youthful arrogance and by the belief
that the truth, once found, would be simple as well as
pretty. Thus many of the comments may seem one-sided
and unfair, but this is often the case in the incomplete and
hurried way in which human beings frequently decide to
like or dislike a new idea or acquaintance. In any event,
this account represents the way I saw things then, in 1951-
1953: the ideas, the people, and myself.

Iam aware that the other participants in this story would
tell parts of it in other ways, sometimes because their
memory of what happened differs from mine and, perhaps
in even more cases, because no two people ever see the
same events in exactly the same light. In this sense, no one
will ever be able to write a definitive history of how the
structure was established. Nonetheless, I feel the story
should be told, partly because many of my scientific friends
have expressed curiosity about how the double helix was
found, and to them an incomplete version is better than
none. But even more important, I believe, there remains
general ignorance about how science is “done.” That is not
to say that all science is done in the manner described
here. This is far from the case, for styles of scientific re-
search vary almost as much as human personalities. On
the other hand, I do not believe that the way DNA came
Out constitutes an odd exception to a scientific world com-

plicated by the contradictory pulls of ambition and the
sense of fair play.

3
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The thought that I should write this book has been
with me almost from the moment the double helix was
found. Thus my memory of many of the significant events
is much more complete than that of most other episodes
in my life. I also have made extensive use of letters written
at virtually weekly intervals to my parents. These were
especially helpful in exactly dating a number of the inci-
dents. Equally important have been the valuable comments
by various friends who kindly read earlier versions and
gave in some instances quite detailed accounts of incidents
that I had referred to in less complete form. To be sure,
there are cases where my recollections differ from theirs,
and so this book must be regarded as my view of the
matter.

Some of the earlier chapters were written in the homes
of Albert Szent-Gyorgyi, John A. Wheeler, and John
Cairns, and I wish to thank them for quiet rooms with
tables overlooking the ocean. The later chapters were writ-
ten with the help of a Guggenheim Fellowship, which al-
lowed me to return briefly to the other Cambridge and
the kind hospitality of the Provost and Fellows of King’s
College.

As far as possible I have included photographs taken
at the time the story occurred, and in particular I want
to thank Herbert Gutfreund, Peter Pauling, Hugh Huxley,
and Gunther Stent for sending me some of their snapshots.
For editorial assistance I'm much indebted to Libby
Aldrich for the quick, perceptive remarks expected from
our best Radcliffe students and to Joyce Lebowitz both
for keeping me from completely misusing the English lan-
guage and for innumerable comments about what a good
book must do. Finally, I wish to express thanks for the
immense help Thomas J. Wilson has given me from the
time he saw the first draft. Without his wise, warm, and
sensible advice, the appearance of this book, in what I
hope is the right form, might never have occurred.

J. D. W,
Harvard University
Cambridge, Massachusetts
November 1967

For Naomi Mitchison
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IN THE summer of 1955, I arranged to join some friends
who were going into the Alps. Alfred Tissieres, then a
Fellow at King’s, had said he would get me to the top of
the Rothorn, and even though I panic at voids this did
not seem to be the time to be a coward. So after getting
in shape by letting a guide lead me up the Allinin, I took
the two-hour postal-bus trip to Zinal, hoping that the
driver was not carsick as he lurched the bus around the
narrow road twisting above the falling rock slopes. Then
I saw Alfred standing in front of the hotel, talking with a
long-mustached Trinity don who had been in India during
the war.

Since Alfred was still out of training, we decided to
spend the afternoon walking up to a small restaurant
which lay at the base of the huge glacier falling down off
the Obergabelhorn and over which we were to walk the
next day. We were only a few minutes out of sight of the
hotel when we saw a party coming down upon us, and I
quickly recognized one of the climbers. He was Willy
Seeds, a scientist who several years before had worked at
King’s College, London, with Maurice Wilkins on the op-
tical properties of DNA fibers. Willy soon spotted me,
slowed down, and momentarily gave the impression that
he might remove his rucksack and chat for a while. But
all he said was, “How’s Honest Jim?’ and quickly in-
creasing his pace was soon below me on the path.

Later as I trudged upward, I thought again about our
earlier meetings in London. Then DNA was still a mys-
tery, up for grabs, and no one was sure who would get it
and whether he would deserve it if it proved as exciting
as we semisecretly believed. But now the race was over
and, as one of the winners, 1 knew the tale was not sim-
ple and certainly not as the newspapers reported. Chiefly
It was a matter of five people: Maurice Wilkins, Rosalind
Franklin, Linus Pauling, Francis Crick, and me. And as
Francis was the dominant force in shaping my part, I will
Start the story with him.

7
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I HAVE never seen Francis Crick in a modest mood. Per-
haps in other company he is that way, but I have never
had reason so to judge him. It has nothing to do with his
present fame. Already he is much talked about, usually
with reverence, and someday he may be considered in the
category of Rutherford or Bohr. But this was not true
when, in the fall of 1951, I came to the Cavendish Labo-
ratory of Cambridge University to join a small group of
physicists and chemists working on the three-dimensional
structures of proteins. At that time he was thirty-five, yet
almost totally unknown. Although some of his closest col-
leagues realized the value of his quick, penetrating mind
and frequently sought his advice, he was often not appre-
ciated, and most people thought he talked too much.

Leading the unit to which Francis belonged was Max
Perutz, an Austrian-born chemist who came to England
in 1936. He had been collecting X-ray diffraction data
from hemoglobin crystals for over ten years and was just
beginning to get somewhere. Helping him was Sir Law-
rence Bragg, the director of the Cavendish. For almost
forty years Bragg, a Nobel Prize winner and one of the
founders of crystallography, had been watching X-ray
diffraction methods solve structures of ever-increasing dif-
ficulty.* The more complex the molecule, the happier
Bragg became when a new method allowed its elucidation.
Thus in the immediate postwar years he was especially
keen about the possibility of solving the structures of pro-
teins, the most complicated of all molecules. Often, when
administrative duties permitted, he visited Perutz’ office to
discuss recently accumulated X-ray data. Then he would
return home to see if he could interpret them.

Somewhere between Bragg the theorist and Perutz the
experimentalist was Francis, who occasionally did experi-
ments but more often was immersed in the theories for
solving protein structures. Often he came up with some-

* For a clear description of X-ray diffraction technique, see John
Ks:ndrew, The Thread of Life: An Introduction to Molecular
Biology (Cambridge: Harvard University Press, 1966), p. 14.
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thing novel, would become enormously excited, and
| immediately tell it to anyone who would listen, A day or
( ““‘ so later he would often realize that his theory did not
"“]W work and return to experiments, until boredom generated
it a new attack on theory.
i There was much drama connected with these ideas.
'NH}]f They did a great deal to liven up the atmosphere of the
HHss lab, where experiments usually lasted several months to
RN years. This came partly from the volume of Crick’s voice:
By he talked louder and faster than anyone else and, when
H\‘Wl;} he laughed, his location within the Cavendish was ob-
s vious. Almost everyone enjoyed these manic moments,
I especially when we had the time to listen attentively and
W to tell him bluntly when we lost the train of his argu-
ik ment. But there was one notable exception. Conversations
i with Crick frequently upset Sir Lawrence Bragg, and the
!N I sound of his voice was often sufficient to make Bragg
| move to a safer room. Only infrequently would he come
to tea in the Cavendish, since it meant enduring Crick’s
booming over the tea room. Even then Bragg was not
} completely safe. On two occasions the corridor outside
his office was flooded with water pouring out of a labora-
tory in which Crick was working. Francis, with his inter-
est in theory, had neglected to fasten securely the rubber
tubing around his suction pump.
| At the time of my arrival, Francis’ theories spread far
( beyond the confines of protein crystallography. Anything
| important would attract him, and he frequently visited
| other labs to see which new experiments had been done.
| Though he was generally polite and considerate of col-
Il leagues who did not realize the real meaning of their lat-
i est experiments, he would never hide this fact from them.
I Almost immediately he would suggest a rash of new ex-
periments that should confirm his interpretation. More-
\ﬂ;m over, he would not refrain from subsequently telling all
il who would listen how his clever new idea might set sci-
A ence ahead.
IR As a result, there existed an unspoken yet real fear of
il Crick, especially among his contemporaries who had yet
it to establish their reputations. The quick manner in which

Francis next to a Cavendish X-ray tube.

BRI be seized their facts and tried to reduce them to coherent

! patterns frequently made his friends’ stomachs sink with
[l the apprehension that, all too often in the near future, he
“‘}\j:;m would succeed, and expose to the world the fuzziness of
R minds hidden from direct view by the considerate, well-

) spoken manners of the Cambridge colleges.

1]};\“”3 Though he had dining rights for one meal a week at
ihnfi
i
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i llege, he was not yet a fellow of any college.
g:éltll; g:i)s ivgas his own choice. Clearly he did not wzilnt ttg
be burdened by the unnecessary sight of undergra uan
tutees. Also a factor was his laugh, against wplchhma y
dons would most certainly rebel if subjected to its shatter-
ing bang more than once a week. I am sure this oc;c:asl:l)ln-t
ally bothered Francis, even though he obviously knevyddlz_
most High Table life is dominated by pedantic, nﬁ &
aged men incapable of either amusing or educaqng’ 1%01_
anything worthwhile. There always existed Klr;gsf -
lege, opulently nonconformist and.clear!y capable o gut
sorbing him without any loss of his or its character.kn ut
despite much effort on the part of his friends, who
he was a delightful dinner companion, they were ?lever
able to hide the fact that_ a stray ;emark over Sherry
might bring Francis smack into your life.

e D, e

ival i i i ly occasion-
E my arrival in Cambrldge,_Frar_lms on .
EIIIE; C’c’;:oughyt about deoxyribonucleic acid (DNA) 'and 'lti
role in heredity. This was not because he thou'ghthgt l}ln:;ll-
teresting, Quite the contrary. A major factor in his eh .
ing physics and developing an interest in biology tad
been the reading in 1946 of W hat_ls Life? py thekno e
theoretical physicist Erwin Schrodinger. This bo:h v]c:ry
elegantly propounded the belief that tgenes dw:srte"mdewhea);
ivi Is and that, to understa \
components of living cel e adinger
ife i must know how genes act. en
glf:otl:’hzebook (1944), there was genclraélﬁcce%ﬁ?c;ci 1:1?5;
s were special types of protein molecules. t
g‘tmt%is same Izimc the bacteriologxls(t f01.l T.]AZ%yte\\;is Iflizv
i ut experiments at the Rockefeller Insti W
rchls'i %Ihichpshowed that hereditary traits could be triagsd
mitted from one bacterial cell to another by purifie
NA molecules. .
P Given the fact that DNA was known to occur in tl'ie
chromosomes of all cells, Avery’s experiments stronglyi
suggested that future experimentslfwould f}t:pwmzlza;t ato
composed of DNA. true, this
%iﬁii:v St:it protzins would not be the Rosetta Stone 1f:l)(r1
unraveling the true secret of life. Instead, DNA wo

The Double Helix - 13

have to provide the key to enable us to find out how the
genes determined, among other characteristics, the color
of our hair, our eyes, most likely our comparative intelli-
gence, and maybe even our potential to amuse others.

Of course there were scientists who thought the evi-
dence favoring DNA was inconclusive and preferred to
believe that genes were protein molecules. Francis, how-
ever, did not worry about these skeptics. Many were can-
tankerous fools who unfailingly backed the wrong horses.
One could not be a successful scientist without realizing
that, in contrast to the popular conception supported by
newspapers and mothers of scientists, a goodly number of
scientists are not only narrow-minded and dull, but also
just stupid.

Francis, nonetheless, was not then prepared to jump
into the DNA world. Its basic importance did not seem
sufficient cause by itself to lead him out of the protein
field which he had worked in only two years and was just
beginning to master intellectually, In addition, his col-
leagues at the Cavendish were only marginally interested
in the nucleic acids, and even in the best of financial cir-
cumstances it would take two or three years to set up a
new research group primarily devoted to using X rays to
look at the DNA structure.

Moreover, such a decision would create an awkward
personal situation. At this time molecular work on DNA
in England was, for all practical purposes, the personal
property of Maurice Wilkins, a bachelor who worked in
London at King’s College* Like Francis, Maurice had
been a physicist and also used X-ray diffraction as his
principal tool of research. It would have looked very bad
if Francis had jumped in on a problem that Maurice had
worked over for several years. The matter was even
worse because the two, almost equal in age, knew each
other and, before Francis remarried, had frequently met
for lunch or dinner to talk about science.

It would have been much easier if they had been living
in different countries. The combination of England’s cozi-
ness—all the important people, if not related by mar-
riage, seemed to know one another—plus the English
sense of fair play would not allow Francis to move in on
Maurice’s problem. In France, where fair play obviously
did not exist, these problems would not have arisen. The
States also would not have permitted such a situation to

.* A division of the University of London, not to be confused
th King’s College, Cambridge.
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develop. One would not expect someone at Berkeley to
ignore a first-rate problem merely because someone at
Cal Tech had started first. In England, however, it simply
would not look right.

Even worse, Maurice continually frustrated Francis by
pever seeming enthusiastic enough about DNA. He ap-
peared to enjoy slowly understating important arguments.
It was not a question of intelligence or common sense.
Maurice clearly had both; witness his seizing DNA before
almost everyone else. It was that Francis felt he could
never get the message over to Maurice that you did not
move cautiously when you were holding dynamite like
DNA. Moreover, it was increasingly difficult to take
Maurice’s mind off his assistant, Rosalind Franklin.

Not that he was at all in love with Rosy, as we called
her from a distance. Just the opposite—almost from the
moment she arrived in Maurice’s lab, they began to upset
each other. Maurice, a beginner in X-ray diffraction
work, wanted some professional help and hoped that
Rosy, a trained crystallographer, could speed up his re-
search. Rosy, however, did not see the situation this way.
She claimed that she had been given DNA for her own
problem and would not think of herself as Maurice’s as-
sistant.

I suspect that in the beginning Maurice hoped that
Rosy would calm down. Yet mere inspection suggested
that she would not easily bend. By choice she did not em-

phasize her feminine qualities. Though her features were
strong, she was not unattractive and might have been
quite stunning had she taken even a mild interest in
clothes. This she did not. There was never lipstick to con-
trast with her straight black hair, while at the age of
thirty-one her dresses showed all the imagination of En-
glish blue-stocking adolescents. So it was quite easy to
imagine her the product of an unsatisfied mother who un-
duly stressed the desirability of professional careers that
could save bright girls from marriages to dull men. But
this was not the case. Her dedicated, austere life could
not be thus explained—she was the daughter of a solidly
comfortable, erudite banking family.

Clearly Rosy had to go or be put in her place. The for-
mer was obviously preferable because, given her belliger-
ent moods, it would be very difficult for Maurice to main-
tain a dominant position that would allow him to think
unhindered about DNA. Not that at times he didn’t see
some reason for her complaints—King’s had two combi-
pation rooms, one for men, the other for women, cer-
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tainly a thing of the past. But he w i
t e . as not responsibl
1; was no pleasu,re to bear the cross for thep adcllede’bi::g
t] a;z the women’s combination room remained dingil
gglee%ro:vggzreas (;nox.ley pad been spent to make life agree}-’
ave & im and his friends when they had their morning
Unfortunately, Maurice could
' , ld not see any decent w
:g tg}l:rik th})lsyt tl;le l;lmdt To start with, she hayd beeen gi‘zzr};
at sie had a position for several years. Als
th«;r,ekwas no denymg she had a good brain. %f she.. collilod
gggd cc;]ep herthemogons under control, there would be a
J0d Chance that she could really help him. But
wishing for relations to improve was taking somethrinnegrecl)}fl
a garr.:lzle, fgr Cal Tech’s fabulous chemist Linus Pauling
wa? not subject to the confines of British fair play. Sooner
;)l' eat}er Lmusz who had just turned fifty, was bound to try
01'd ¢ most important of all scientific prizes. There was
no thoubt that he was interested. Our first principles told
::/s'th at Paul}qg could not be the greatest of all chermists
1lout realizing that DNA was the most golden of all
1}1’1;:1 e::i;:is‘.leg/[orlec::'er,ﬁthere was definite proof. Maurice
> a letter from Linus asking for a copy of th
tcirgrftell‘]lme DNA X-ray.photographs. After somI;y hesita?
! ¢ wrote back saying that he wanted to look more
¢l o,iﬁllyt :t the data before releasing the pictures
n1s was most unsettling to Maurice. He t;ad no
t : . t es-
(;g{)ed into b.xology only to find it personally as objecti::—
nai?oas pfhygzc;, vIVjth Its atomic consequences. The combi
n of bot inus and Francis breathing d is
: Fra own h
?’z‘;ll(' often made it very difficult to sleep. gut at leas
o ;xz% a‘:;:s ds% thousan}cli miles away, and even Francis
2 ed 0y a two-hour rajl journey. The real prob-
:;r:t, t;}herll), was Rosy. The thought could not be avgirded
e best home for a feminist was in another person’s

lab.
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IT was Wilkins who had first excited me about X-ray
work on DNA. This happened at Naples when a small
scientific meeting was held on the structures of the large
molecules found in living cells. Then it was the spring of
1951, before I knew of Francis Crick’s existence. Already
I was much involved with DNA, since I was in Europe
on a postdoctoral fellowship to learn its biochemistry. My
interest in DNA had grown out of a desire, first picked
up while a senior in college, to learn what the gene was.
Later, in graduate school at Indiana University, it was my
hope that the gene might be solved without my learning
any chemistry. This wish partially arose from laziness
since, as an undergraduate at the University of Chicago, I
was principally interested in birds and managed to avoid
taking any chemistry or physics courses which looked of
even medium difficulty. Briefly the Indiana biochemists
encouraged me to learn organic chemistry, but after I
used a bunsen burner to warm up some benzene, I was
relieved from further true chemistry. It was safer to turn
out an uneducated Ph.D. than to risk another explosion.

So I was not faced with the prospect of absorbing
chemistry until I went to Copenhagen to do my postdoc-
toral research with the biochemist Herman Kalckar. Jour-
neying abroad initially appeared the perfect solution to
the complete lack of chemical facts in my head, a condi-
tion at times encouraged by my Ph.D. supervisor, the Ital-
jan-trained microbiologist Salvador Luria. He positively
abhorred most chemists, especially the competitive variety
out of the jungles of New York City. Kalckar, however,
was obviously cultivated, and Luria hoped that in his civ-
ilized, continental company I would learn the necessary
tools to do chemical research, without needing to react
against the profit-oriented organic chemists.

Then Luria’s experiments largely dealt with the multi-
plication of bacterial viruses (bacteriophages, or phages
for short). For some years the suspicion had existed
among the more inspired geneticists that viruses were a
form of naked genes. If so, the best way to find out what
a gene was and how it duplicated was to study the prop-
erties of viruses. Thus, as the simplest viruses were the
phages, there had sprung up between 1940 and 1950 a
growing number of scientists (the phage group) who
studied phages with the hope that they would eventually

17
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learn how the genes controlled cellular heredity. Leading
! this group were Luria and his German-born friend, the
( theoretical physicist Max Delbriick, then a professor at
b Cal Tech. While Delbriick kept hoping that purely genetic
fJ'H[lw tricks could solve the problem, Luria more often won-
i dered whether the real answer would come only after the
}HWM;J chemical structure of a virus (gene) had been cracked
Il

Ml open. Deep down be knew that it is impossible to de-
[N

[dteSt scribe the behavior of something when you don’t know
\”;‘,ﬁmf[‘,ﬁ‘, what it is. Thus, knowing he could never bring himself to
/ﬂ{r“jﬂi]ﬁﬁi learn chemistry, Luria felt the wisest course was to send
“ i me, his first serious student, to a chemist.

J;'”’””;r He had no difficulty deciding between a protein chem-
|

i ist and a nucleic-acid chemist. Though only about ome

’M half the mass of a bacterial virus was DNA (the other
half being protein), Avery’s experiment made it smell like

| the essential genetic material. So working out DNA’s

| chemical structure might be the essential step in learning

| how genes duplicated. Nonetheless, in contrast to the pro-

‘U teins, the solid chemical facts known about DNA were

, meager. Only a few chemists worked with it and, except

§[ for the fact that nucleic acids were very large molecules

'f built up from smaller building blocks, the nucleotides,

[

|

|

|

ii

there was almost nothing chemical that the geneticist
could grasp at. Moreover, the chemists who did work on
DNA were almost always organic chemists with no inter-
est in genetics. Kalckar was a bright exception. In the
summer of 1945 he had come to the lab at Cold Spring
| ]}z Harbor, New York, to take Delbriick’s course on bacte-
( Q)W rial viruses. Thus both Luria and Delbriick hoped the Co-
I,}J | penhagen lab would be the place where the combined

il techniques of chemistry and genetics might eventually

WW‘ yield real biological dividends.

[ [,[WH Their plan, however, was a complete flop. Herman did
il not stimulate me in the slightest. I found myself just as
l I indifferent to nucleic-acid chemistry in his lab as I had

[ng‘i;w[(m been in the States. This was partly because I could not

(Jj}u;,;,m see how the type of problem on which he was then work-
W];((j]}iﬂ ing (the metabolism of nucleotides) would lead to any-

[ thing of immediate interest to genetics. There was also
;;j’fww“u” the fact that, though Herman was obviously civilized, it

URAHTE . . .

(i was impossible to understand him.

; f};j’,ﬂw’f};‘;‘ 1 was able, however, to follow the English of Herman’s
i

|

{ Wit close friend Ole Maalge. Ole had just returned from the
]Jm‘m "H““‘ States (Cal Tech), where hg had become very excited
it about the same phages on which I had worked for my de-
{ gree. Upon his return he gave up his previous research

JH’;

M,’
i

|
i
|
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problem and was devoting full time to phage. Then he
was the only Dane working with phage and so was quite
pleased that I and Gunther Stent, a phage worker from
Delbriick’s lab, had come to do research with Herman.
Soon Gunther and I found ourselves going regularly to
visit Ole’s lab, located several miles from Herman’s, and
within several weeks we were both actively doing experi-
ments with Ole.

At first I occasionally felt ill at ease doing conventional
phage work with Ole, since my fellowship was explicitly
awarded to enable me to learn biochemistry with Her-
man; in a strictly literal sense I was violating its terms.
Moreover, less than three months after my arrival in Co-
penhagen I was asked to propose plans for the following
year. This was no simple matter, for I had no plans. The
only safe course was to ask for funds to spend another
year with Herman. It would have been risky to say that I
could not make myself enjoy biochemistry. Furthermore,
I could see no reason why they should not permit me to
change my plans after the renewal was granted. I thus
wrote to Washington saying that I wished to remain in
the stimulating environment of Copenhagen. As expected,
my fellowship was then renewed. It made sense to let
Kalckar (whom several of the fellowship electors knew
personally) train another biochemist.

There was also the question of Herman’s feelings. Per-
haps he minded the fact that I was only seldom around.
True, he appeared very vague about most things and might
not yet have really noticed. Fortunately, however, these
fears never had time to develop seriously. Through a
completely unanticipated event my moral conscience be-
came clear. One day early in December, I cycled over to
Herman’s lab expecting another charming yet totally in-
comprehensible conversation. This time, however, I found
Herman could be understood. He had something impor-
tant to let out: his marriage was over, and he hoped to
obtain a divorce. This fact was soon no secret—everyone
else in the lab was also told. Within a few days it became
apparent that Herman’s mind was not going to concen-
trate on science for some time, for perhaps as long as I
would remain in Copenhagen. So the fact that he did not
have to teach me nucleic-acid biochemistry was obviously
a godsend. I could cycle each day over to Ole’s lab,
knowing it was clearly better to deceive the fellowship
electors about where I was working than to force Herman
to talk about biochemistry.

At times, moreover, I was quite pleased with my cur-
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rent experiments on bacterial viruses. Withi
;nonths Ole and I ha}d finished a set of experimgxlxltg oxtxhr tgg
ate of a bacterial-virus particle when it multiplies inside
a bacterium to form several bundred new virus particles
There were enough data for a respectable publicatioxi
and, using ordinary standards, I knew I could stop work
for the rest of the year without being judged unproduc-
tive. On the other hand, it was equally obvious that I had
not done any.thmg which was going to tell us what a gene
was or how it reproduced. And unless I became a ch
lst,II t-cl',louh‘hmt see how I would. o
[ thus welcomed Herman’s suggestion tha
spring to the Zoological Station atg gNaples, tgvlzerle %1(:3 g::it
glecxded to spend the months of April and May. A trip to
apl.es t}lade great sense. There was no point in doing
g:)thntlhg in Copenhagen, where spring does not exist, On
lee other hand, the sun of Naples might be conducive to
arning something about the biochemistry of the em-
bryonic development of marine animals. It might also be
a plage wherg I could quietly read genetics. And when I
was tired of it, I might conceivably pick up a biochemis-
try text. Wlth(.)llt. any hesitation I wrote to the States re-
questing permission to accompany Herman to Naples. A
cheerful affirmative letter wishing me a pleasant joufney
c;ime by return post from Washington. Moreover, it en-
closed a $200 check for travel expenses. It made me feel
slightly dishonest as I set off for the sun. %

e 4 e

MAURICE WILKINS also had not com
« e to Naples for seri-
ous science. The trip from London
gift from his boss, Randall, Oroaally
Randall had been scheduled to come to the meeting on
glaqromplccules and glve a paper about the work going
n in his new biophysics lab. Finding himself overcom-
mltted, he had decided to send Maurice instead. If no one
W;ent, it would look bad for his King’s College lab. Lots
gis sglgélc’elzlyTireaSI;lry mom(zly had to be committed to set up
sics show, and suspici i i
money By ShOW, ¢ picions existed that this was

Professor J. T. Randall. Originally
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No one was expected to prepare an elaborate talk for
Italian meetings like this one. Such gatherings routinely
brought together a small number of invited guests who
did not understand Ttalian and a large number of Italians,
almost none of whom understood rapidly spoken English,
the only language common to the visitors. The high point
of each meeting was the day-long excursion to some
scenic house or temple. Thus there was seldom chance for
anything but banal remarks.

By the time Maurice arrived I was noticeably restless
and impatient to return north. Herman had completely
misled me. For the first six weeks in Naples I was con-
stantly cold. The official temperature is often much less
relevant than the absence of central heating. Neither the
Zoological Station nor my decaying room atop a six-story
nineteenth-century house had any heat. If T had even
the slightest interest in marine animals, 1 would have
done experiments. Moving about doing experiments is
much warmer than sitting in the library with one’s feet on
a table. At times I stood about nervously while Herman
went through the motions of a biochemist, and on several
days I even understood what he said. It made no differ-
ence, however, whether or not I followed the argument.
Genes were never at the center, or even at the periphery,
of his thoughts.

Most of my time I spent walking the streets or reading
journal articles from the early days of genetics. Some-
times 1 daydreamed about discovering the secret of the
gene, but not once did I have the faintest trace of a re-
spectable idea. It was thus difficult to avoid the disquiet-
ing thought that I was not accomplishing anything.
Knowing that I had not come to Naples for work did not
make me feel better.

I retained a slight hope that I might profit from the
meeting on the structures of biological macromolecules.
Though I knew nothing about the X-ray diffraction tech-
niques that dominated structural analysis, I was optimistic
that the spoken arguments would be more comprehensi-
ble than the journal articles, which passed over my head.
I was specially interested to hear the talk on nucleic acids
to be given by Randall. At that time almost nothing was
published about the possible three-dimensional configura-
tions of a nucleic-acid molecule. Conceivably this fact
affected my casual pursuit of chemistry. For why should I
get excited learning boring chemical facts as long as the
chemists never provided anything incisive about the nu-
cleic acids?
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The odds, however, were against any real i
then. Much o.f the talk about thge three-dzlmensioilea‘ielztlglc::If
ture of proteins and nucleic acids was hot air. Though
fhls work had been going on for over fifteen years, most
if not all of the facts were soft. Ideas put forward with
conviction were likely to be the products of wild crystal-
lographers who delighted in being in a field where their
ideas could not be easily disproved. Thus, although vir-
tually all biochemists, including Herman, v’vere unable to
understand the arguments of the X-ray people, there was
little uneasiness. It made no sense to learn c,omplicated
mathematical methods in order to follow baloney. As a
ll':;lsiltl)l’t,t lxlxgtn;, of gnﬁz' (tieachers had ever considered the possi-

mi o i

e i postdoctoral research with an X-ray

Maurice, however, did not disappoint m
he was a substitute for Randall mlz)lge no dief.feTrvgr?cfea'c; t}?z'laé
not known about either. His talk was far from vacuous
and stood out sharply from the rest, several of which bore
no connection to phe purpose of the meeting. Fortunately
thes; were in Italian, and so the obvious boredom of the
foreign guests did not need to be construed as impolite-
ness. Several other speakers were continental biologists
at‘that time guests at the Zoological Station, who onl ’
brleﬂ)_! a’lluded to macromolecular structure. In comtrasty
Ma}unces X-ra}f diffraction picture of DNA was to the
point. It vx{as,ﬁxcked on the scteen near the end of his
tglk. Maurice’s dry English form did not permit enthu-
siasm as he stated that the picture showed much more de-
tail than previous pictures and could, in fact, be consid-
ered as arising from a crystalline substance. And when

the 'syructurc of DNA was known, we might be in a better
position to understand how genes work.

. S}lddenly I was excited about chemistry. Before Mau-
rice’s talk 1 had worried about the possibility that the
i;ne might be fantastically irregular. Now, however, 1
o ew that genes could crystallize; hence they must have a
fasgll:ilar structure that‘ could be solved in a straightforward
g on. Immediately 1 began to wonder whether it would
:ﬁ possible for me to join Wilkins in working on DNA
reagr ;?: lecture 1 tried to seek him out. Perhaps he al-
o xft' h ew more than his talk had indicated—often if a
oo e:sakl?n ng}l g.lt;zolgtetlyt }'lsure he is correct, he is hesitant

) . But there i

tOIhi;n:; Maurice had vanished. a8 1o opportunity to talk
ot until the next day, when all the partici

:ll: excursion to the Greek temples at Pagstun;pacﬁ(tis Itogel:

opportunity to introduce myself. While waiti’ng for the

;
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bus I started a conversation and explained how interested
1 was in DNA. But before I could pump Maurice we had
to board, and I joined my sister, Elizabeth, who had just
come in from the States. At the temples we all scattered,
and before I could corner Mavrice again I realized that I
might have had a tremendous stroke of good luck. Mau-
rice had noticed that my sister was very pretty, and soon
they were eating lunch together. T was immensely pleased.
For years I had sullenly watched Elizabeth being pursued
by a series of dull nitwits. Suddenly the possibility opened
up that her way of life could be changed. No longer did I
have to face the certainty that she would end up with a
mental defective. Furthermore, if Maurice really liked my
sister, it was inevitable that I would become closely asso-
ciated with his X-ray work on DNA. The fact that Maurice
excused himself to go and sit alone did not upset me. He
obviously had good manners and assumed that I wished
to converse with Elizabeth.

As soon as we reached Naples, however, my day-
dreams of glery by association ended. Maurice moved off
to his hotel with only a casual nod. Neither the beauty of
my sister nor my intense interest in the DNA structure

had snared him. Our futures did not seem to be in Lon-
don. Thus I set off to Copenhagen and the prospect of

more biochemistry to avoid.

e B e

1 PROCEEDED to forget Maurice, but not this DNA photo-
graph. A potential key to the secret of life was impossible
to push out of my mind. The fact that I was unable to
interpret it did not bother me. It was certainly better to
imagine myself becoming famous than maturing into a
stified academic who had never risked a thought. I was
also encouraged by the very exciting rumor that Linus
Pauling had partly solved the structure of proteins. The
news hit me in Geneva, where I had stopped for several
days to talk with the Swiss phage worker Jean Weigle,
who was just back from a winter of work at Cal Tech.
Before leaving, Jean had gone to the lecture where Linus

had made the announcement.
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Linus Pauling with his atomic modcls.
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spired me to compose opening lines of the paper I would
write about DNA, if I solved its structure. A sentence like
“Genes are interesting to geneticists” would distinguish
my way of thought from Pauling’s.

So I began worrying about where I could learn how to
solve X-ray diffraction pictures. Cal Tech was not the
place—Linus was too great a man to waste his time
teaching a mathematically deficient biologist. Neither did
I wish to be further put off by Wilkins. This left Cam-
bridge, England, where I knew that someone named Max
Perutz was interested in the structure of the large biologi-
cal molecules, in particular, the protein hemoglobin. I
thus wrote to Luria about my newly found passion, ask-
ing whether he knew how to arrange my acceptance into
the Cambridge lab. Unexpectedly, this was no problem at
all. Soon after receiving my letter, Luria went to a small
meeting at Ann Arbor, where he met Perutz’ coworker,
John Kendrew, then on an extended trip to the States.
Most fortunately, Kendrew made a favorable impression
on Luria; like Kalckar, he was civilized and in addition
supported the Labor Party. Furthermore, the Cambridge
lab was understaffed and Kendrew was looking for some-
one to join him in his study of the protein myoglobin.
Luria assured him that T would fit the bill and immedi-
ately wrote me the good news.

It was then early August, just a month before my origi-
nal fellowship would expire. This meant that I could not
long delay writing to Washington about my change of
plans. I decided to wait until I was admitted officially into
the Cambridge lab. There was always the possibility that
something would go wrong. It seemed prudent to put off
the awkward letter until I could talk personally with Pe-
rutz. Then I could state in much greater detail what I
might hope to accomplish in England. I did not, however,
leave at once. Again I was back in the lab, and the experi-
ments I was doing were fun, in a second-class fashion.
Even more important, I did not want to be away during
the forthcoming International Poliomyelitis Conference,
which was to bring several phage workers to Copenhagen.
Max Delbriick was in the expected group, and since he
was a professor at Cal Tech he might have further news
about Pauling’s latest trick.

Delbriick, however, did not enlighten me further. The
{x-helix, even if correct, had not provided any biological
insights; he seemed bored speaking about it. Even my in-
formation that a pretty X-ray photograph of DNA existed
elicited no real response. But I had no opportunity to be

L
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from the novels of Dickens that I would not suffer a fate

the English denied themselves. In fact, I thought myself

very lucky when 1 found a room in a two-story house on

Jesus Green, a superb location less than ten minutes’

walk from the lab.

The following morning 1 went back to the Cavendish,
since Max wanted me to meet Sir Lawrence Bragg. When
Max telephoned upstairs that I was here, Sir Lawrence
came down from his office, let me say a few words, and
then retired for a private conversation with Max. A few
minutes later they emerged to allow Bragg to give me his
formal permission to work under his direction. The per-
formance was uncompromisingly British, and I quietly
concluded that the white-mustached figure of Bragg now
spent most of its days sitting in London clubs like the
Athenaeum.

The thought never occurred to me then that later on I
would have contact with this apparent curiosity out of the
past. Despite his indisputable Teputation, Bragg had
worked out his Law just before World War I, so I as-
sumed he must be in effective retirement and would never
care about genes. I politely thanked Sir Lawrence for ac-
cepting me and told Max I would be back in three weeks
for the start of the Michaelmas term. I then returned to
Copenhagen to collect my few clothes and to tell Herman
about my good luck in being able to become a crystallog-
rapher.

Herman was splendidly cooperative. A letter was dis-
patched telling the Fellowship Office in Washington that
he enthusiastically endorsed my change in plans. At the
same time I wrote a letter to Washington, breaking the
news that my current experiments on the biochemistry of
virus reproduction were at best interesting in a nonpro-
found way. I wanted to give up conventional biochemis-
try, which I believed incapable of telling us how genes
work. Instead I told them that I now knew that X-ray
crystallography was the key to genetics. I requested the
approval of my plans to transfer to Cambridge so that 1
might work at Perutz’ lab and learn how to do crystallo-

graphic research.

T saw no point in remaining in Copenhagen until per-
mission came. It would have been absurd to stay there
wasting my time. The week before, Maalge had departed
for a year at Cal Tech, and my interest in Herman’s type
of biochemistry remained zero. Leaving Copenhagen was
of course illegal in the formal sense. On the other hand,
my request could not be refused. Everyone knew of Her-
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man’s unsettled state, and the Washington office must
have been wondering how long I would care to remain in
Copenhagen. Writing directly about Herman’s absence
from his lab would have been not only ungentlemanly but
unnecessary.

Naturally T was not at all prepared to receive a letter
refusing permission. Ten days after my return to Cam-
bridge, Herman forwarded the depressing news, which
had been sent to my Copenhagen address. The Fellow-
ship Board would not approve my transfer to a lab from
which I was totally unprepared to profit. I was told to re-
consider my plans, since I was unqualified to do crystallo-
graphic work. The Fellowship Board would, however,
look favorably on a proposal that I transfer to the cell-
physiology laboratory of Caspersson in Stockholm.

The source of the trouble was all too apparent. The
bead of the Fellowship Board no longer was Hans
Clarke, a kindly biochemist friend of Herman’s, then
about to retire from Columbia. My letter had gone in-
stead to a new chairman, who took a more active interest
in directing young people. He was put out that I had
overstepped myself in denying that 1 would profit from
biochemistry. 1 wrote to Luria to save me. He and the
new man were casual acquaintances, and so when my de-
cision was set in proper perspective, he might reverse his
decision.

At first there were hints that Luria’s interjection might
cause a change back to reason. I was cheered up when a
letter arrived from Luria that the situation might be
smoothed over if we appeared to eat crow. I was to write
Washington that a major inducement in my wanting to be
in Cambridge was the presence of Roy Markham, an En-
glish biochemist who worked with plant viruses. Mark-
ham took the news quite casually when I walked into his
office and told him that he might acquire a model student

who would never bother him by cluttering up his lab with
experimental apparatus. He regarded the scheme as a
perfect example of the inability of Americans to know
how to bebave. Nonetheless, he promised to go along
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gether. Within a few days aftéer my arrival, we knew what
to do: imitate Linus Pauling and beat him at his own e

s
e. 7 P

gmlr’lauling’s success with the polypeptide chain had natu- ////bg/se /] sugar

rally suggested to Francis that the same tricks might also

work for DNA. But as long as no one nearby thought

DNA was at the heart of everything, the potential per-

sonal difficulties with the King’s lab kept him from mov- phos

ing into action with DNA. Morcover, even though hemo- phate

globin was not the center of the universe, Francis’ pre- Z

vious two years at the Cavendish certainly had not been Z 29?9// suaar

dull. More than enough protein problems kept popping g

up that required someone with a bent toward theory. But

now, with me around the lab always wanting to talk

about genes, Francis no longer kept his thoughts about

DNA in a back recess of his brain. Even so, he had no

intention of abandoning his interest in the other labora-

tory problems. No one should mind if, by spending only a

few hours a week thinking about DNA, he helped me

solve a smashingly important problem. b ~
As a consequence, John Kendrew soon realized that I TN ~

was unlikely to help him solve the myoglobin structure. ~ phos* 7

Since he was unable to grow large crystals of horse myo- So phate /

globin, he initially hoped 1 might have a greener thumb. S

No effort, however, was required to see that my labora-

tory manipulations were less skillful than those of a Swiss sugar S

chemist. About a fortnight after my arrival in Cambridge,

we went out to the local slaughterhouse to get a horse

heart for a new myoglobin preparation. If we were lucky, phos?

the damage to the myoglobin molecules which prevented hat

crystallization would be averted by immediately freezing e

the ex-racehorse’s heart. But my subsequent attempts at / ,90,5,9//

crystallization were no more successful than John’s. In a sugar

sense 1 was almost relieved. If they had succecded, John

might have put me onto taking X-ray photographs.
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No obstacle thus prevented me from talking at least
several hours each day to Francis. Thinking all the time
was too much even for Francis, and often when he was
stumped by his equations he used to pump my reservoir
of phage lore. At other moments Francis would endeavor
to fill my brain with cyrstallographic facts, ordinarily
available only through the painful reading of professional
journals. Particularly important were the exact arguments
needed to understand how Linus Pauling had discovered
the a-helix.

phos-
phate
7

7
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mathematical reasoning, Equations occasionally crept into
his argument, but in most cases words would have suf-
ficed. The key to Linus’ success was his reliance on the
simple laws of structural chemistry. The e-helix had not
been found by only staring at X-ray pictures; the essential
trick, instead, was to ask which atoms like to sit next to
each other. In place of pencil and paper, the main work-
ing tools were a set of molecular models superficially re-
sembling the toys of preschool children.

We could thus see no reason why we should not solve
DNA in the same way. All we had to do was to construct
a set of molecular models and begin to play—with luck,
the structure would be a helix. Any other type of config-
uration would be much more complicated. Worrying
about complications before ruling out the possiblity that
the answer was simple would have been damned foolish-
ness. Pauling never got anywhere by seeking out messes.

From our first conversations we assumed that the DNA
molecule contained a very large number of nucleotides lin-
early linked together in a regular way. Again our rea-
soning was partially based upon simplicity. Although or-
ganic chemists in Alexander Todd’s nearby lab thought
this the basic arrangement, they were still a long way
from chemically establishing that all the internucleotide
bonds were identical. If this was not the case, however,
we could not see how the DNA molecules packed to-
gether to form the crystalline aggregates studied by Mau-
rice Wilkins and Rosalind Franklin. Thus, unless we
found all future progress blocked, the best course was to
regard the sugar-phosphate backbone as extremely regu-
lar and to search for a helical three-dimensional configu~
ration in which all the backbone groups had identical
chemical environments.

Immediately we could see that the solution to DNA
might be more tricky than that of the a-helix. In the a-he-
lix, a single polypeptide (a collection of amino acids)
chain folds up into a helical arrangement held together by
hydrogen bonds between groups on the same chain. Mau-
rice had told Francis, however, that the diameter of the
DNA molecule was thicker than would be the case if
only one polynucleotide (a collection of nucleotides)
chain were present. This made him think that the DNA
molecule was a compound helix composed of several
polynucleotide chains twisted about each other. If true, then
before serious model building began, a decision would
have to be made whether the chains would be held to-
gether by hydrogen bonds or by salt linkages involving
the negatively charged phosphate groups.
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A further complication arose from the fact that four
types of nucleotides were found in DNA, In this sense,
DNA was not a regular molecule but a highly irregular
one. The four nucleotides were not, however, completely
different, for each contained the same sugar and phos-
phate components. Their uniqueness lay in their nitroge-
nous bases, which were ecither a purine (adenine and gua-
nine) or a pyrimidine (cytosine and thymine). But since
the linkages between the nucleotides involved only the
phosphate and sugar groups, our assumption that the
same type of chemical bond linked all the nucleotides to-
gether was not affected. So in building models we would
postulate that the sugar-phosphate backbone was very
regular, and the order of bases of necessity very irregular.
If the base sequences were always the same, all DNA
molecules would be identical and there would not exist the
variability that must distinguish one gene from another.

Though Pauling had got the a-helix almost without the
X-ray evidence, he knew of its existence and to a certain
extent had taken it into account. Given the X-ray data, a
large variety of possible three-dimensional configurations
for the polypeptide chain were quickly discarded. The
exact X-ray data should help us go ahead much faster
with the more subtly constructed DNA molecule. Mere
inspection of the DNA X-ray picture should prevent a
number of false starts. Fortunately, there already existed
one half-good photograph in the published literature. It
was taken five years previously by the English crystallog-
rapher W. T. Astbury, and could be used to start us off.
Yet possession of Maurice’s much better crystalline pho-
tograph’s might save us from six months’ to a year’s work.
The painful fact that the pictures belonged to Maurice
could not be avoided.

There was nothing else to do but talk to him. To our
surprise, Francis had no problem in persuading Maurice
to come up to Cambridge for a weekend. And there was
no need to force Maurice to the conclusion that the struc-
ture was a helix. Not only was it the obvious guess, but
Maurice already had been talking in terms of helices at a
summer meeting in Cambridge. About six weeks before 1
first arrived there, he had shown X-ray diffraction pic-
tures of DNA which revealed a marked absence of reflec-
tions on the meridian. This was a feature that his col-
league, the theoretician Alex Stokes, had told him was
compatible with a helix. Given this conclusion, Maurice
suspected that three polynucleotide chains were used to
construct the helix.
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Sir Lawrence Bragg

sitting at his Cavendish desk.
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at home, and Francis had to wait until the following
morning. Unfortunately, this delay did not make the con-
frontation any more successful.

Sir Lawrence flatly denied prior knowledge of Francis’
efforts and was thoroughly insulted by the implication
that he had underhandedly used another scientist’s ideas.
On the other hand, Francis found it impossible to believe
that Bragg could have been so dense as to have missed
his oft-repeated idea, and he as much as told Bragg this.
Further conversation became impossible, and in less than
ten minutes Francis was out of the Professor’s office.

For Bragg this meeting seemed the final straw in his re-
lations with Crick. Several weeks earlier Bragg had come
into the lab greatly excited about an idea that came
to him the previous evening, one that he and Perutz sub-
sequently incorporated in their paper. While he was ex-
plaining it to Perutz and Kendrew, Crick happened to
join the group. To his considerable annoyance, Francis
did not accept the idea immediately but instead stated
that he would go away and check whether Bragg was
right or wrong. At this stage Bragg had blown his top
and, with his blood pressure all too high, returned home
presumably to tell his wife about the latest antics of their
problem child.

This most recent tussle was a disaster for Francis, and
he showed his uneasiness when he came down to the lab.
Bragg, in dismissing him from his room, had angrily told
him that he would consider seriously whether he could
continue to give Francis a place in the laboratory after his
Ph.D. course was ended. Francis was obviously worried
that he might soon have to find a new position. Our sub-
sequent lunch at the Eagle, the pub at which he usuaily
ate, was restrained and unpunctuated by the usual laugh-
ter.

His concern was not without reason. Although he knew
be was bright and could produce novel ideas, he could
claim no clear—cut intellectual achievements and he was
still without his Ph.D. He came from a solid middle-class
family and was sent to school at Mill Hill. Then he read
physics at University College, London, and had com-
menced work on an advanced degree when the war broke
out. Like almost all other English scientists, he joined the
war effort and became part of the Admiralty’s scientific
establishment. There he worked with great vigor, and, al-
though many resented his nonstop conversation, there
Was a war to win and he was quite helpful in producing
Ingenjous magnetic mines. When the war was over, how-
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e of his colleagues saw no sound reason to have
z‘i,;lr’azoor?lt forever, and for a perio@ hq wa§ given to be-
lieve that he had no future in th@ scientific gml service. 4

Moreover, he had lost all desire to stay m pﬂhzglcs ;ms d
decided instead to try biology. With the help of the np: ){1
iologist A. V. Hill, he obtained a small grant to cO eb 'oE
to Cambridge in the fall of 1947. At first he dxfi t{ue i -
ogy at the Strangeways Laboratory, but this was (zh
viously trivial and two years later he moved ovei-l to 16,
Cavendish, where he joined Perutz and Kendrew. Here he
again became excited about science and decided that %zrd
haps he should finally work for a Ph.D. He th;/si enro e
as a research student (of Caius qulege) with Sx as s
supervisor. In a sense, this pursuit of the Ph.D. was 2
bore to a mind that worked too fast to be satlsﬁedhwxfi’
the tedium involved in thesis research. On_t}_le oth'er. atrllﬁ
his decision had yielded an unforeseen dlyldend. fm hs
moment of crisis, he could hardly be dismissed before he
gOtl\}/il:xd:r%(rie?ohn quickly came to Francis’ rescue and in-
terceded with the Professor. John confirmed that Francis
had previously written an account of the argument ucll
question, and Bragg acknowledged that the same idea ﬁad
occurred independently to both. Bragg by t’hat time ha
calmed down, and any question of Crick’s going was

to confirm the finer details of the a-helix. This is what
Vand hoped his theory would do.

Francis quickly found a serious flaw in Vand’s efforts,
became excited about finding the right theory, and
bounded upstairs to talk with Bill Cochran, a small, quiet
Scot, then a lecturer in crystallography at the Cavendish.
Bill was the cleverest of the younger Cambridge X-ray
people, and even though he was not involved in work on
the large biological macromolecules, he always provided
the most astute sounding board for Francis’ frequent ven-
tures into theory. When Bill told Francis that an idea was
unsound or would lead nowhere, Francis could be sure
that professional jealousy was not involved. This time,
however, Bill did not voice skepticism, since indepen-
dently he had found faults in Vand’s paper and had
begun to wonder what the right answer was. For months
both Max and Bragg had been after him to work out the
helical theory, but he had not moved into action. Now,
with the additional pressure from Francis, he too began
seriously to ponder how the equations should be set up.

The remainder of the morning Francis was silent and
absorbed in mathematical equations. At lunch at the
Eagle 2 bad headache came on, and he went home in-
stead of returning to the lab. But sitting in front of the
gas fire doing nothing bored him, and again he took up

his equations. To his delight, he soon saw that he had the
answer. Nonetheless, he stopped his work, for he and his
wife, Odile, were invited to a wine tasting at Matthews’,
one of Cambridge’s better wine merchants. For several
days his morale had been buoyed by the request to sam-
ple the wines. It meant acceptance by a more fashionable
and amusing part of Cambridge and allowed him to dis-

i miss the fact that he was not appreciated by a variety of
| ‘J‘ dull and pompous dons.
|

i i i Bragg.

ly shelved. Keeping him on was not easy on '
\ %lgztga; einea momepnt of despair, he revealed that Crick
(‘ 1 made his’ ears buzz. Moreover, he remained unconvinced
“‘*“ that Crick was needed. Already for thi.rty-ﬁve years he
i had not stopped talking and almost nothing of fundamen-

}“\‘ tal value had emerged.
I

He and Odile were then living at the “Green Door,” a

tiny, inexpensive flat on top of a several-hundred-year-old

i ouse just across Bridge Street from St. John’s College.
W e 9 NS There were only two rooms of any size, a livingroom and
i a bedroom. All the others, including the kitchen, in which
i ' the bathtub was the largest and most conspicuous object,
f U'\“\““ A NEw opportunity to theorize soon brought Francis Were almost nonexistent. But despite the cramp, its great

. I —

b ral days after the fiasco with charm, magnified by Odile’s decorative sense, gave it a
HH‘H\\‘\‘M %ﬁégtoﬂ?: ﬁtiﬁ%agi‘; V. Vyand sent Max a le‘ttci cheerful, if not playful, spirit. Here I first sensed the vital-
i : ) k h s . .
\\\ containing a theory for the diffraction of X rays by helica 1ty of English intellectual life, so completely absent during
\

‘ 3 he lab’s in-
i lecules. Helices were then at the center of t
| M“““\““‘ felge:t, lzrgely because of Pauling’s a-helix. Yet there was
lil still lacking a general theory to test new models as well as

my initial days in my Victorian room several hundred
Yards away on Jesus Green.

They had then been married for three years. Francis’
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first marriage did not last long, and a son, Michael, was
looked after by Francis’ mother and aunt. He had lived
alone for several years until Odile, some five years his ju-
nior, came to Cambridge and hastened his revolt against
the stodginess of the middle classes, which delight in un-
wicked amusements like sailing and tennis, habits particu-
larly unsuited to the conversational life. Neither was poli-
tics or religion of any concern. The latter was clearly an
error of past generations, which Francis saw no reason to
perpetuate. But I am less certain about their complete
lack of enthusiasm for political issues. Perhaps it was the
war, whose grimness they now wished to forget. In any
case, The Times was not present at breakfast, and more
attention was given to Vogue, the only magazine to which
they subscribed and about which Francis could converse
at length.

By then I was often going to the Green Door for din-
ner. Francis was always eager to continue our conversa-
tions, while I joyously seized every opportunity to escape
from the miserable English food that periodically led me
to worry about whether I might have an ulcer. Odile’s
French mother had imparted to her a thorough contempt
for the unimaginative way in which most Englishmen eat
and house themselves. Francis thus never had reason to
envy those college fellows whose High Table food was
undeniably better than their wives’ drab mixtures of taste-
less meat, boiled potatoes, colorless greens, and typical
trifles. Instead, dinner was often gay, especially after the
wine turned the conversation to the currently talked-about
Cambridge popsies.

There was no restraint in Francis’ enthusiasms about
young women—that is, as long as they showed some vi-
tality and were distinctive in any way that permitted gos-
sip and amusement. When young, he saw little of women
and was only now discovering the sparkle they added to
life. Odile did not mind this predilection, seeing that it
went along with, and probably helped, his emancipation
from the dullness of his Northampton upbringing. They
would talk at length about the somewhat artsy-craftsy
world in which Odile moved and into which they were
frequently invited. No choice event was kept out of our
conversations, and he would show equal gusto in telling
of his occasional mistakes. One occurred when there was
a costume party and he went looking like G. B. Shaw in a
full red beard. As soon as he entered he realized that it
was a ghastly error, since not one of the young women
enjoyed being tickled by the wet, scraggly hairs when he
came within kissing distance.
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But there were no young women at the wine tasti
To his and Odile’s dismay, their companions were col':ll:,t;gé
dons contentedly talking about the burdensome adminis-
'}rﬁtlve prc;bi!ems with which they were so sadly afflicted.

ey went home early and Franci
thq;hght more about hjg answer. * unexpectedly sober,

¢ next morning he arrived in the lab an
and John about his success. A few 1'ninutesdl:1ct)i(rl L;Isaﬂ];
Cochran walked into his office, and Francis started to re-
peat the story. But before he could let loose his argument,
Bill told him that he also thought he had succeeded. Hur-
riedly they went through their respective mathematics and
discovered that Bill had used an elegant derivation com-
pared to Francis’ more laborious approach. - Gleefully
however, they found that they had arrived at the same
final answer. They then checked the a-helix by visual in-
spectlog with Max’s _X-ray diagrams. The agreement was
;(; fgr(:'ectt.hat both Linus’ model and their theory had to
Within a few days a polished manuscript
and jubilantly dispatched to Nature. At thepsa.t:: Stirr;: dg
copy was sent to Pauling to appreciate. This event his
first unquestionable success, was a signal triumph, for

Francis. F
with huck. or once the absence of women had gone along

By mid-November, when Rosy’s talk on DNA rolled
about, I had learned enough crystallographic argument to
follow much of ber lecture. Most important, I knew what
to focus attention upon. Six weeks of listening to Francis
had made me realize that the crux of the matter was
whether Rosy’s new X-ray pictures would lend any sup-
port for a helical DNA structure. The really relevant ex-
perimental details were those which might provide clues
In constructing molecular models. It took, however, only
a few minutes of listening to Rosy to realize that her de-
termined mind had set upon a different course of action.
She spoke to an audience of about fifteen in a quick,
Eerw_)us ster that suited the unornamented old lecture
all in which we were seated. There was not a trace of
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warmth or frivolity in her words. And yet I could not re-
gard her as totally uninteresting. Momentarily I wondered
how she would look if she took off her glasses and did
something novel with her hair. Then, however, my main
concern was her description of the crystalline X-ray dif-
fraction pattern.

The years of careful, unemotional crystallographic
training had left their mark. She had not had the advan-
tage of a rigid Cambridge education only to be so foolish
as to misuse it. It was downright obvious to her that the
only way to establish the DNA structure was by pure
crystallographic approaches. As model building did not
appeal to her, at no time did she mention Pauling’s
triumph over the a-helix. The idea of using tinker-toy-like
models to solve biological structures was clearly a last re-
sort. Of course Rosy knew of Linus’ success but saw no
obvious reason to ape his mannerisms. The measure of
his past triumphs was sufficient reason in itself to act dif-
ferently; only a genius of his stature could play like a
ten-year-old boy and still get the right answer.

Rosy regarded her talk as a preliminary report which,
by itself, would not test anything fundamental about
DNA. Hard facts would come only when further data had
been collected which could allow the crystallographic
analyses to be carried to a more refined stage. Her lack of
immediate optimism was shared by the small group of lab
people who came to the talk. No one else brought up the
desirability of using molecular models to help solve the
structuré. Maurice himself only asked several questions of
a technical nature. The discussion then quickly stopped
with the expressions on the listeners’ faces indicating ei-
ther that they had nothing to add or that, if they did wish
to say something, it would be bad form since they had
said it before. Maybe their reluctance to utter anything
romantically optimistic, or even to mention models, was
due to fear of a sharp retort from Rosy. Ceriainly a bad
way to go out into the foulness of a heavy, foggy No-
vember night was to be told by a woman to refrain from
venturing an opinion about a subject for which you were
not trained. It was a sure way of bringing back unpleas-
ant memories of lower school.

Following some brief and, as I was later to observe,
characteristically tense small talk with Rosy, Maurice and
iy - - . T walked down the Strand and across to Choy’s Restau-
H“\\\\\‘\\;‘ Rosalind Franklin. rant in Soho. Maurice’s mood was surprisingly jovial.
\ .”‘w\\wg Slowly and precisely he detailed how, in spite of much

il elaborate crystallographic analysis, little real progress had
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been made by Rosy since the day she arrived at King’s.
Though her X-ray photographs were somewhat sharper
than his, she was unable to say anything more positive
than he had already. True, she had done some more de-
tailed measurements of the water content of her DNA
samples, but even here Maurice had doubts about
whether she was really measuring what she claimed.

To my surprise, Maurice seemed buoyed up by my
presence. The aloofness that existed when we first met in
Naples had vanished. The fact that I, a phage person,
found what he was doing important was reassuring. It
really was no help to receive encouragement from a fel-
low physicist. Even when he met those who thought his
decision to go into biology made sense, he couldn’t trust
their judgment. After all, they didn’t know any biology,
and so it was best to take their remarks as politeness,
even condescension, toward someone opposed to the
competitive pace of postwar physics.

To be sure, he got active and very necessary help from
some biochemists. If not, he could never have come into
the game. Several of them had been absolutely vital in gen-
erously providing him with samples of highly purified
DNA. It was bad enough learning crystallography without
having to acquire the witchcraft-like techniques of the
biochemist. On the other hand, the majority weren’t like
the high-powered types he had worked with on the bomb
project. Sometimes they seemed even ignorant of the way
DNA was important.

But even so they knew more than the majority of biol-
ogists. In England, if not everywhere, most botanists and
zoologists were a muddled lot. Not even the possession of
University Chairs gave many the assurance to do clean
science; some actually wasted their efforts on useless po-
lemics about the origin of life or how we know that a
scientific fact is really correct. What was worse, it was
possible to get a university degree in biology without
learning any genetics. That was not to say that the geneti-
cists themselves provided any intellectual help. You
would have thought that with all their talk about genes
they should worry about what they were. Yet almost none
of them seemed to take seriously the evidence that genes
were made of DNA. This fact was unnecessarily chemi-
cal. All that most of them wanted out of life was to set
their students onto uninterpretable details of chromosome
behavior or to give elegantly phrased, fuzzy-minded
speculations over the wireless on topics like the role of
the geneticist in this transitional age of changing values.

An X-ray photograph of crystalline DNA in the 4 form
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So the knowledge that the phage group took DNA seri-
ously made Maurice hope that times would change and
he would not have painfully to explain, each time he gave
a seminar, why his lab was making so much fuss and
bother about DNA. By the time our dinner was finished,
he was clearly in a mood to push ahead. Yet all too sud-
denly Rosy popped back into the conversation, and the
possibility of really mobilizing his lab’s efforts slowly
receded as we paid the bill and went out into the night.

11~

Tue following morning I joined Francis at Paddington
Station. From there we were to go up to Oxford to spend
the weekend. Francis wanted to talk to Dorothy Hodgkin,
the best of the English crystallographers, while I wel-
comed the opportunity to see Oxford for the first time. At
the train gate Francis was in top form. The visit would
give him the opportunity to tell Dorothy about his success
with Bill Cochran in working out the helical diffraction
theory. The theory was much too elegant not to be told in
person—individuals like Dorothy who were clever enough
to understand its power immediately were much too rare.

As soon as we were in the train carriage, Francis began
asking questions about Rosy’s talk. My answers were fre-
quently vague, and Francis was visibly annoyed by my
habit of always trusting to memory and never writing
anything on paper. If a subject interested me, I could
usually recollect what I peeded. This time, however, we
were in trouble, because 1 did not know enough of the
crystallographic jargon. Particularly unfortunate was my
failure to be able to report exactly the water content of
the DNA samples upon which Rosy had done her meas-
urements, The possibility existed that I might be mislead-
ing Francis by an order-of-magnitude difference.

The wrong person had been sent to hear Rosy. If
Francis had gone along, no such ambiguity would have
existed. It was the penalty for being oversensitive to the
situation. For, admittedly, the sight of Francis mulling
over the consequences of Rosy’s information when it was
hardly out of her mouth would have upset Maurice. In
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one sense it would be grossly unfair for
fiacts at the same time. Certginly Mauric;hselllgutl% 1161:'2 ttEZ
o:lslt cllllam(:;: to come to grips with the problem. On the
o er hand, there seemed no indication that he thought
e answer would come from playing with molecular
gxodels. Our conversation on the previous night had
b ;rs(:::)é aglhuded to that approach. Of course, the possibility
that he was lgeegmg something back. But that was
ver%rh unhkcly—.Maunce Just wasn’t that type.
o se.e ont.tlly thing that Francis could do immediately was
o s tl.zeSo e water \{alue, which was the easiest to think
y ut. Soon something appeared to make sense, and he
h:ggl; dscglgel;m;ge :d?n t:e Iw;aciﬁt bai:k sheet of a m;muscript
1 . By then I could not un V
;thats Francis was up to and reverted to The qurretzs;tai%(:
a a:il ement. Wlth{n a few minutes, however, Francis
ma 31 :tleoﬁ)l;e aalls rﬁﬁre“ IItl’ the foutside world by telling
t number of form i
lc{ompiatlble both with the Cochran-Crickaltlfe(g?;uz):::sd ?vei:l?
di:sy s experimental data. Quickly he began to draw more
Thgfxagllxllsthew sh&cl)w me how simple the problem was.
tnough the g}gi ematics eluded me, the crux of the mat-
tor was I cult to follow. Decisions had to be made
ey mel eglllllmber of polynucleotide chains within the
o olecule. Superficially, the X-ray data were com-
go t ef Wﬂl]t:l two, three, or four strands. It was all a ques-
n o angle and radii at which the DNA strands
thgted tzbom the central axis.
y the time the hour-and-a-half train j
:::3 Francis saw no reason why we should rig?mk;ng:’t?:
anss g;l :rwgbcﬁfgh:gilg ;veek of solid fiddling with the
d be necessary to make us al
Llil;e‘}g tsourtch :v:v 231?1 t&ﬁ:\ tnIg’h:ﬂ answer, Then it would bebgg-
orld that Pauling was not the only one ca-
ggll:;;uocfte tgueLllgﬂsg’hza 13;?1. ho;v tIlaliolo'glilcal molec?ﬂes ewg?e
cted. re of the a-helix was most em-
m‘ﬁg for the Cambridge group. About a year before
by gh, Bragg, Kendrew, and Perutz had published
tce chain, an aiack that e, e poine. Brogh Ly
: at misse oint. Bragg i
;Vea;s sqﬂtbothemd by the fiasco. It hurg his prideggtlzl1 f::-t
ing,pcilrn - There had been previous encounters with Paul-
o stretching over a twenty-five-year interval, All t
< Linus had got there frt A
ven Francis was somewhat humiliated
g;n:vali already in the Cavendish when Btrja?’ggthlelafiv%l:-.
een about how a polypeptide chain folded up.
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Moreover, he was privy to a discussion in which the fun-
damental blunder about the shape of the peptide bond
was made. That had certainly been the occasion to inter-
ject his critical facility in assessing the meaning of experi-
mental observations—but he had said nothing useful. It
was not that Francis normally refrained from criticizing
his friends. In other instances he had been annoyingly
candid in pointing out where Perutz and Bragg had pub-
licly overinterpreted their hemoglobin results. This open
criticism was certainly behind Sir Lawrence’s recent out-
burst against him. In Bragg’s view, all that Crick did was
to rock the boat.

Now, however, was not the time to concentrate on past
mistakes. Instead, the speed with which we talked about
possible types of DNA structures gathered intensity as the
morning went by. No matter in whose company we found
ourselves, Francis would quickly survey the progress of
the past few hours, bringing our listener up to date on
how we had decided upon models in which the sugar-
phosphate backbone was in the center of the molecule.
Only in that way would it be possible to obtain a struc-
ture regular enough to give the crystalline diffraction pat-
terns observed by Maurice and Rosy. True, we had yet to
deal with the irregular sequence of the bases that faced
the outside—but this difficulty might vanish in the wash
when the correct internal arrangement was located.

There was also the problem of what neutralized the
negative charges of the phosphate groups of the DNA
backbone. Francis, as well as I, knew almost nothing
about how inorganic ions were arranged in three dimen-
sions. We had to face the bleak situation that the world
authority on the structural chemistry of ions was Linus
Pauling himself. Thus if the crux of the problem was to
deduce an unusually clever arrangement of inorganic ions
and phosphate groups, we were clearly at a disadvantage.
By midday it became imperative to locate a copy of Paul-
ing’s classic book, The Nature of the Chemical Bond.
Then we were having lunch near High Street. Wasting no
time over coffee, we dashed into several bookstores until
success came in Blackwell’s. A rapid reading was made of
the relevant sections. This produced the correct values for
the exact sizes of the candidate inorganic ions, but noth-
ing that could help push the problem over the top.

When we reached Dorothy’s lab in the University
Museum, the manic phase had almost passed. Francis ran
through the helical theory itself, devoting only a few min-
utes to our progress with DNA. Most of the conversation
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centered instead on Dorothy’s recent work with insulin.
Since darkness was coming on, there seemed no point in
wasting more of her time. We then moved on to Magda-
len, where we were to have tea with Avrion Mitchison
and Leslie Orgel, both then fellows of the college. Over
cakes Francis was ready to talk about trivial things, while
I quietly thought how splendid it would be if I could
someday live in the style of a Magdalen don.

Dinner with claret, however, restored the conversation
to our impending triumph with DNA. By then we had
been joined by Francis’ close friend, the logician George
Kreisel, whose unwashed appearance and idiom did not
fit into my picture of the English philosopher. Francis
greeted his arrival with great gusto, and the sound of
Francis’ laughter and Kreisel’s Austrian accent dominated
the spiffy atmosphere of the restaurant along High Street
at which Kreisel had directed us to meet him. For a while
Kreisel held forth on a way to make a financial killing by
shifting money between the politically divided parts of
Europe. Avrion Mitchison then rejoined us, and the con-
versation for a short time reverted to the casual banter of
the intellectual middle class. This sort of small talk, how-
ever, was not Kreisel's meat, and so Avrion and I ex-
cused ourselves to walk along the medieval streets toward
my lodgings. By then I was pleasantly drunk and spoke at
length of what we could do when we had DNA.

m 12, ~mn

I Gave John and Elizabeth Kendrew the scoop about
DNA when I joined them for breakfast on Monday morn-
ing. Elizabeth appeared delighted that success was almost
within our grasp, while John took the news more calmly.
When it came out that Francis was again in an inspired
mood and I had nothing more solid to report than enthu-
siasm, he became lost to the sections of The Times which
spoke about the first days of the new Tory government.
Soon afterward, John went off to his rooms in Peter-
house, leaving Elizabeth and me to digest the implications
of my unanticipated luck. I did not remain long, since the
sooner I could get back to the lab, the quicker we could
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find out which of the several i
fos possible answers would be
ore by a hard look at the molecular models them-
Both Francis and I, however, kne
1 s 8 w that the models i
;h:a %Zing:)s;ls tv;_vl;);ltlczl I;;)t lJ)e hcr:lompletely satisfactor;. TI%:;,
ed by John some eighteen months b
fore, for the work on the three-di 5 e of the
] ' . -dimensional shape of the
polypeptide chain. There existed no accu o
) rate -
tlgns of the groups of atoms umique to DNZPII?IZ??ht:r
phosphorus atoms nor the purine and pyrimidine bases
vivzre ‘gt?e hand. Rap}d improvisation would be necessary
:he ce there was no time for Max to give a rush order for
anlzfconstrulccztlon. Making brand-new models might take
2 a week, whereas an answer was possible within a
b?y or so. Thus as soon as I got to the lab I began adding
tl:etsr e(l))f collluper.mre to some of our carbon-atom models
h y changing them into the larger-sized phosphorus

Much more difficulty came from th i i
cate representations of the inorganiz ?ziczmgnlt?kéab tﬂé
other constituents, they obeyed no simple-minded rules
telling us the angles at which they would form their re-
spective chemical bonds. Most likely we had to know the
corrdzct DNA structure before the right models could be
made. I maintained the hope, however, that Francis
might alrcagly be on to the vital trick and would immedi-
ﬁtely blurt it out when he got to the lab. Over eighteen
ours had passed since our last conversation, and there
was little chance that the Sunday papers would have dis-
tracted him upon his return to the Green Door
A&I:ls tenish entrance, however, did not bring the.answer
i r Sunday supper he had again run through the di-
lllxtlmq dt;ut saw no quick answer. The problem was then
l;:ﬁs . a?ll for a rapid scanning of a novel on the sexual
](111 gments of Cambridge dons. The book had its brief
gﬂ?: moments, and‘even in its most ill-conceived pages
e, ;‘Se h\;gsbthe question of whether any of their friends’
theé)lot. een seriously drawn on in the construction of
ver morning coffee Francis nonetheless exud -
ggll;fie that enough experimental data might alreag‘; g:n;in
by to detqrmme the outcome. We might be able to start
an?i game with several completely different sets of facts
Who]yet al;vays hit the same final answers. Perhaps the
b ﬂ;ce problem would fall out just by our concentrating
- hipremest.way for a polynucleotide chain to fold up
Wwhile Francis continued thinking about the meaning of




@ base
QO sugar
@ phosphate

eotide, showing that theh pl};meo(;{
i almost perpendicular to the plane in wnich mos
Z}eﬂfg sseu;sar atoms plie.pThis impor{ant fact was establtl}vhedalt,r;
1949 by S. Furberg, then working in London at J. D erndels
Birkbeck College lab. Later he built some very tent’an’ve gu;l s
for DNA. But not knowing the details of the King’s odef*o
experiments, he built only single-strqnded struc.turesa an Jo
his structural ideas were never seriously considered in
Cavendish.

A schematic view of a nucl
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the X-ray diagram, I began to assemble the various
atomic models into several chains, each several nucleo-
tides in length. Though in nature DNA chains are very
long, there was no reason to put together anything mas-
sive. As long as we could be sure it was a helix, the as-
signment of the positions for only a couple of nucleotides
automatically generated the arrangement of all the other
components.

The routine assembly task was over by one, when
Francis and I walked over to the Eagle for our habitual
lunch with the chemist Herbert Gutfreund. These days
John usually went to Peterhouse, while Max always cy-
cled home. Occasionally John’s student Hugh Huxley
would join us, but of late he was finding it difficult to
enjoy Francis’ inquisitive lunchtime attacks. For just prior
to my arrival in Cambridge, Hugh’s decision to take up
the problem of how muscles contract had focused Fran-
cis’ attention on the unforeseen opportunity that, for
twenty years or so, muscle physiologists had been accu-
mulating data without tying them into a self-consistent
picture. Francis found it a perfect situation for action.
There was no need for him to ferret out the relevant ex-
periments since Hugh had already waded through the un-
digested mass. Lunch after lunch, the facts were put to-
gether to form theories which held for a day or so, until
Hugh could convince Francis that a result he would like
ascribed to experimental error was as solid as the Rock
of Gibraltar. Now the construction of Hugh’s X-ray cam-
era was completed, and soon he hoped to get experimen-
tal evidence to settle the debatable points. The fun would
be all lost if somehow Francis could correctly predict
what he was going to find.

But there was no need that day for Hugh to fear a new
intellectual invasion. When we walked into the Eagle,
Francis did not exchange his usual raticous greetings with
the Persian economist Ephraim Eshag, but gave the un-
distilled impression that something serious was up. The
actual model building would start right after lunch, and
more concrete plans must be formulated to make the pro-
cess efficient. So over our gooseberry pie we looked at the
Pros and cons of one, two, three, and four chains, quickly
dismissing one-chain helices as incompatible with the evi-
dence in our hands. As to the forces that held the chains
together, the best guess seemed to be salt bridges in
which divalent cations like Mg** held together two or
ore phosphate groups. Admittedly there was no evi-
dence that Rosy’s samples contained any divalent ions,
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How Mg** ions might be used to bind negatively charged
phosphate groups in the center of a compound helix.

and so we might be sticking our necks out. On the other
hand, there was absolutely no evidence against our hunch.
If only the King’s groups had thought about models, they
would have asked which salt was present and we would
not be placed in this tiresome position. But, with luck, the
addition of magnesium or possibly calcium jons to the
sugar-phosphate backbone would quickly generate an ele-
gant structure, the correctness of which would not be de-
batable.

Our first minutes with the models, though, were not
joyous. Even though only about fifteen atoms were in-
volved, they kept falling out of the awkward pincers set
up to hold them the correct distance from one another.
Even worse, the uncomfortable impression arose that
there were no obvious restrictions on the bond angles be-
tween several of the most important atoms. This was not
at all nice. Pauling had cracked the e-helix by ruthlessly
following up his knowledge that the peptide bond was
flat. To our annoyance, there seemed every reason to be-
lieve that the phosphodiester bonds which bound together
the successive nucleotides in DNA might exist in a variety
of shapes. At least with our level of chemical intuition,
there was unlikely to be any single conformation much
prettier than the rest.

After tea, however, a shape began to emerge which
brought back our spirits. Three chains twisted about each
other in a way that gave rise to a crystallographic repeat
every 28 A along the helical axis. This was a feature de-
manded by Maurice’s and Rosy’s pictures, so Francis was
visibly reassured as he stepped back from the lab bench
and surveyed the afternoon’s effort. Admittedly a few of
the atomic contacts were still too close for comfort, but,
after all, the fiddling had just begun. With a few hours’
more work, a presentable model should be on display.

Ebullient spirits prevailed during the evening meal at
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the Greer} Door. Though Odile could not follow what we
Wwere saying, she was obviously cheered by the fact that
Francis was about to bring off his second triumph within
the month: If this course of events went on, they would
soon be rich and could own a car. At no moment did
Fra}nc’xs see any point in trying to simplify the matter for
Odile’s benefit. Ever since she had told him that gravity
went only three miles into the sky, this aspect of their re-
lationship was set. Not only did she not know any sci-
ence, but any attempt to put some in her head would be a
losing fight against the years of her convent upbringing.
The most to hope for was an appreciation of the linear
Wag) in which money was measured.

ur conversation instead centered upon a you
stugient then about to marry Odile’s fricl:ld Har}llxcl)utn gW:irlt

This capture was mildly displeasing to Francis. It was
about to remove the prettiest girl from their party circle.
Moreover, there was more than one thing cloudy about
Harmut. He had come out of 2 German university tradi-
tion that b.clichd in dueling. There was also his undeni-
able skill in persuading numerous Cambridge women to
poiinfo:h his chamcra.

) ought of women, however, was banished by th
time Francis breezed into the lab just before mo}r,ning
coffee. Soon, when several atoms had been pushed in or
out, the three-chain model began to look quite reason-
ablc."I'he next obvious step would be to check it with
Rgsy $ quantitative measurements, The model would cer-
tainly fit with the general locations of the X-ray reflec-
tions, for its essential helical parameters had been chosen
to fit tpe seminar facts I had conveyed to Francis. If it
were right, however, the model would also accurately
g:‘)edlct the relative intensities of the various X-ray reflec-

Ds.

A quick phone call was made to Maurice. Francis ex-
plained how the helical diffraction theory allowed ac lsag?d
survey of possible DNA models, and that he and I had
Just come up with a creature which might be the answer
We were all awaiting. The best thing would be for Mau-
Tice mmedmtply to come and look it over. But Maurice
gave no dcﬁ.xntp date, saying he thought he might make it
Sometime within the week. Soon after the phone was put
down, John came in to see how Maurice had taken the
g;asw;g{ theI:tbreakﬁrough. Francis found it hard to sum up

. It was almos i i indi
whorP gwere ey t as if Maurice were indifferent to
In the midst of further fiddling that afternoon, a call

i | i
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came through from King’s. Maurice would come up on
the 10:10 train from London the following morning.
Moreover, he would not be alone. His collaborator Willy
Seeds would also come. Even more to the point was that
Rosy, together with her student R. G. Gosling, would be
on the same train. Apparently they were still interested in

the answer.

~n 13

MAURICE decided to take a cab from the station to the
lab. Ordinarily he would have come by bus, but now
there were four of them to share the cost. Moreover,
there would be no satisfaction in waiting at the bus stop
with Rosy. It would make the present uncomfortable situ-
ation worse than it need be. His well-intentioned remarks
never came off, and even now, when the possibility of hu-
miliation hung over them, Rosy was as indifferent as ever
to his presence and directed all her attention to Gosling.
There was only the slightest effort made at a united ap-
pearance when Maurice poked his head into our lab to
say they had come. Especially in sticky situations like
this, Maurice thought that a few minutes without science
was the way to proceed. Rosy, however, had not come
here to throw out foolish words, but quickly wanted to
know where things stood.

Neither Max nor John did anything to take the stage
away from Francis. This was his day, and after they came
in to greet Maurice they both pleaded pressure of their
work to retire behind the closed doors of their joint office.
Before the delegation’s arrival, Francis and I had agreed
to reveal our progress in two stages. Francis would first
sum up the advantages of the helical theory. Then to-
gether we could explain how we had arrived at the pro-
posed model for DNA. Afterwards we could -go to the
Eagle for lunch, leaving the afternoon free to discuss how
we could all proceed with the final phases of the problem.

The first part of the show ran on schedule. Francis saw
no reason to understate the power of the belical theory
and within several minutes revealed the way Bessel func-
tions gave neat answers. None of the visitors, however,
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gave any indication of sharing Francis’ delight. Ins
of wishing to do something with the prettyghequatit:::lls:i
N_Iaunce wanted to concentrate on the fact that the theor§
did not go beyond some mathematics his colleague
Stokes had worked out without all this fanfare. Stokes
gggnisg;vzg ‘;hlels groblc:im u:i t:g: train while going home one

ad produce

pa}f{er g and b mognin " e theory on a small sheet of

. Rosy did not give a hoot about the priority of the crea-
:;ixicsmlof the helical theory and, as Francis prattled on, she

played increasing irritation. The sermon was unneces-
:hary, since to her mind there was not a shred of evidence

at DNA was helical. Whether this was the case would
come out of further X-ray work. Inspection of the model
itself only increased her disdain. Nothing in Francis’ ar-
gument justified all this fuss. She became positively
aggressive when we got on the topic of Mg** ions that
held together the phosphate groups of our three-chain
model. This feature had no appeal at all to Rosy, who
curtly pointed out that the Mg** jons would be sur-
rounded by tight shells of water molecules and so were
unlikely to be the kingpins of a tight structure.

. Most agnoymgly, ber objections were not mere perver-
sity: at this stage the embarrassing fact came out that my
recufillectlon of the water content of Rosy’s DNA samples
:h? td 1:hl;ot be right. The awkward truth became apparent

ha correct DNA model must contain at least ten
times more water than was found in our model. This did
not mean that‘we were necessarily wrong—with luck the
extra water might be fudged into vacant regions on the
periphery of our helix. On the other hand, there was no
:zapmg the conclusion that our argument was soft. As
inv;llvisd,thti epcl)lslfllx?ll)hety afrose t;hat much more water was
1 I O i
mngyl'lmuc;ﬁased. potential DNA models alarm-

. Lhough Francis could not help dominating the 1 -
g&nei tconversatlon, his mood was no longer thgat of amclgg-
e l:naster lecturing hapless colonial children who until

D had never experienced a first-rate intellect. The
gaﬁ'up holding the ball was clear to all. The best way to
o attge something from the day was to come to an agree-
onln about the next round of experiments. In particular
Whgtha few weeks’ work should be necessary to see
o er the DNA structure was dependent upon the
o lons used to neutralize the negative phosphate
imsups. Then the beastly uncertainty as to whether Mg+

were important could vanish. With this accom-

it
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plished, another round of model building could start and,
given luck, it might occur by Christmas.

Our subsequent after-lunch walk into King’s and along
the backs to Trinity did not, however, reveal any con-
verts. Rosy and Gosling were pugnaciously assertive:
their future course of action would be unaffected by their
fifty-mile excursion into adolescent blather. Maurice and
Willy Seeds gave more indication of being reasonable, but
there was no certainty that this was anything more than a
reflection of a desire not to agree with Rosy.

The situation did not improve when we got back to the
lab. Francis did not want to surrender immediately, so he
went through some of the actual details of how we went
about the model building. Nonetheless, he quickly lost
heart when it became apparent that I was the only one

joining the conversation. Moreover, by this time neither
of us really wanted to look at our model. All its glamor
had vanished, and the crudely improvised phosphorus
atoms gave no hint that they would ever neatly fit into
something of value. Then when Maurice mentioned that,
if they moved with haste, the bus might enable them to
get the 3:40 train to Liverpool Street Station, we quickly

said good-bye.

o 14~~~

RosY’s triumph all too soon filtered up the stairs to
Bragg. There was nothing to do but appear unperturbed
as the news of the upset confirmed the fact that Francis
might move faster if occasionally he would close his
mouth. The consequences spread in a predictable fashion.
Clearly this was the moment for Maurice’s boss to discuss
with Bragg whether it made sense for Crick and the
American to duplicate King’s heavy investment in DNA.
Sir Lawrence had had too much of Francis to be sur-
prised that he had again stirred up an unnecessary tem-
pest. There was no telling where he would let loose the
next explosion. If he continued to behave this way, he

could easily spend the next five years in the lab without

collecting sufficient data to warrant an honest Ph.D. The

chilling prospect of enduring Francis throughout the re-

maining years of his tenure as the Cavendish Professor
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was too much to ask of Bragg or anyone wi

set of nerves.'Besides, for tooglgong he }lllad livzgtlil lfntrilg:?hzl
sh?dqw of his 'famous father, with most people falsely
tlﬁmkm.g 'that his 'father, not he, was responsible for the
sharp insight behind Bragg’s Law. Now when he should
be enjoying the rewards accorded the most prestigious
chair in science, he had to be responsible for the outra-
ge?ll‘llj ar:ltlc? of an unsuccessful genius.

e decision was thus passed on to Max that Franci
and I must give up DNA. Bragg felt no qualmsttha:ln tl(;llss
might impede science, since inquiries to Max and John
had 're\:ealed nothing original in our approach. After
Pauling’s success, no one could claim that faith in helices
llg};ll,ed anything but an uncomplicated brain. Letting the

ing’s group have t}le first go at helical models was the
glght thing In any circumstance. Crick could then buckle
11:wn to his thesis task of investigating the ways that

moglobin crystals shrink when they are placed in salt

solutions of dxﬁer;nt density. A year to eighteen months
of steady work might tell something more solid about the
shape of the hemoglobin molecule. With a Ph.D. in his
pocket Crick could then seek employment elsewhere

i No attempt was made to appeal the verdict. To the re-
tigfni‘x)lf l\éax a}1d John, we refrained from publicly ques-
o g Bragg’s decision. An open outcry would reveal
oy our professor was completely in the dark about what
he initials DNA stood for. There was no reason to be-
Lieve that he gave it one hundredth the importance of the
stljal;;;ure of metals, for which he took great delight in
making soap-bubble models. Nothing then gave Sir Law-
rence more pleasure than showing his ingenious motion-
picture film of how bubbles bump each other.
serltl; ;easonablenes.s did not arise, however, from a de-
b :s eep peace with Bragg. Lying low made sense be-

y e ;vae were up the creek with models based on sugar-
sl:n olsipd te cores. No matter how we looked at them, they
ha:d ioo t];ad. On the day following the visit from King’s, a
) was given both to the ill-fated three-chain affair
oo (t)) a number of possible variants. One couldn’t be
thee’ ut the impression was there that any model placing
o c:‘lilgar-phosphate backbone in the center of a helix
allo, datgms: f:loger together than the laws of chemistry
s €d. Yositioning one atom the proper distance from
3 Dheighbor often caused a distant atom to become
mimgd n;:possibly close to its partners.

A fres .start would be necessary to get the pr

Yolling again. Sadly, however, we realizedgthat thg i(r)rll):;z:rtl3
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i of new
tangle with King’s would dry-up_ our source v
:::;:rig;ital results. Subsequent mvxtatg)ns :10 3;::1 tr;.e
colloquia were not to be expected, and e
;izrs:hcasuaquuestioning of Mauncew;vould pr;vic: ‘:,1::
icion that we were at it again. at was Wors
f}‘;:pﬁn?al certainty that cessation of model building on
our part would not be accompanied by a burst of cogre-
sponding activity in their lab. So far, to our knowle ﬁ;e,
King’s had not built any three-dimensional models of ;
necessary atoms. Nonetheless, our oﬁfe;1 tofspeed alt(t_lz’; tz:; )
ijving them the Cambridge molds for makir
tlglodgell‘:.sn\lvgas only halfheartedly received. Maurice did sayc,1
though, that within a few weeks someone might btehf(t:suttlll d
to put ,something together, and it was arranged" a e
next time one of us went down to London the jigs cou
ff at their lab. . )
be 'tli’g)\f;petgeoprzspects that anyone on the British side ct>£
the Atlantic would crack D,RA lg%ol%ad dcl?sl :vsegtleb?agl?st;
mas holidays drew near. Though Franci : o
i iging Bragg by working on his thesis was nof
It’éo ;?smlzkgl?;giﬁtead,ggftez a few days of relative sﬂentcl:;,
he began to spout about superhelical an’angemenltsbof
a-helix itself. Only during the lunch hour could I be ;Iure
that he would talk DNA. Fortunately, John Kgﬁl ewt'
sensed that the moratorium on working on DNA no
extend to thinking about it. At ng txine d1(cll 1t1§ tr(}; atr?c rzlsa
in myoglobin. Instead, 1 used the
zehrlicls}t cﬁgs to ller%lmore theoretical chemistry or to }eaf
through journals, hoping that possibly there existed a for-
to DNA, .,
go%l:sctl)?;kol poked open the most was Francis’ copy of
The Nature of the Chemical Bond. Inc'reasmglgloften,
when Francis needed it to look up a crucial bon engclhi
it would turn up on the quarter bench of lab space tha
John had given to me for experimental work. Some:\c'lhfire
in Pauling’s masterpiece I hoped the real secret wou ;(i
Thus Francis’ gift to me of a secqnq copy was a %o
omen, On the flyleaf was the inscription, “To anﬁ rom
Francis—Christmas ’51.” The remnants of Christianity
~were indeed useful.

15 ~~~

I pD not sit through the Christmas holidays in Cam-
bridge. Avrion Mitchison had invited me to Carradale,
the home of his parents, on the Mull of Kintyre. This was
real luck, since over holidays Av’s mother, Naomi, the
distinguished writer, and his Labor MP father, Dick, were
known to fill their large house with odd assortments of
lively minds. Moreover, Naomi was a sister of England’s
most clever and eccentric biologist, J. B. S. Haldane, Nei-
ther the feeling that our DNA work had hit a roadblock
nor the uncertainty of getting paid for the year was of
much concern when I joined Av and his sister Val at
Euston Station. No seats were left on the overnight Glas-
gOW train, giving us a ten-hour journey seated on luggage
listening to Val comment on the dull, boorish habits of
the Americans who each year are deposited in increasing
numbers at Oxford.

At Glasgow we found my sister Elizabeth, who had
flown to Prestwick from Copenhagen. Two weeks pre-
viously she had sent a letter relating that she was pursued
by a Dane. Instantly I sensed impending disaster, for he
was a successful actor. At once I inquired whether I
could bring Elizabeth to Carradale. The affirmative teply
I received with much relief, since it was inconceivable
that my sister could think about settling in Denmark after
two weeks of an eccentric country house.

Dick Mitchison met the Campbelltown bus at the
turnoff for Carradale to drive us the final twenty hilly
miles to the tiny Scottish fishing village where he and
Naomi had lived for the past twenty years. Dinner was
still going on as we emerged from a stone passage, which
connected the gunroom with several larders, into a dining
room dominated by sharp authoritative chatter. Av’s
Zoologist brother Murdoch had already come, and he en-
Joyed cornering people to talk about how cells divide.
More often, the theme was politics and the awkward cold
war thought up by the American paranoids, who should

back in the law offices of middlewestern towns.

By the following morning T was aware that the best
Way not to feel impossibly cold was to remain in bed or,
When that proved impossible, to go walking, unless the
Tain was coming down in buckets. In the afternoons Dick
Was always trying to get someone to shoot pigeons, but

One attempt, when I fired the gun after the pigeons
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were out of view, I took to lying on the drawing-room
floor as close as possible to the fire. There was also the
warming diversion of going to the library to play ping-
pong bepeath Wyndham Lewis’ stern drawings of Naomi
and her children.

More than a week passed before I slowly caught on
that a family of leftish leanings could be bothered by the
way their guests dressed for dinner, but I put this aber-
rant behavior down as a sign of approaching old age. The
thought never occurred to me that my own appearance
was noticed, since my hair was beginning to lose its
American identity. Odile had been very shocked when
Max introduced me to her on my first day in Cambridge
and afterwards had told Francis that a bald American
was coming to work in the lab. The best way to rectify
the situation was to avoid a barber until I merged with
the Cambridge scene. Though my sister was upset when
she saw me, I knew that months, if not years, might be
required to replace her superficial values with those of the
English intellectual. Carradale thus was the perfect envi-
ronment to go one step further and acquire a beard. Ad-
mittedly I did not like its reddish color, but shaving with
cold water was agony. Yet after a week of Val’s and Mur-
doch’s acid comments, together with the expected un-
pleasantness of my sister, I emerged for dinner with a
clean face. When Naomi made a complimentary remark
about my looks, I knew that I had made the right deci-
sion.

In the evenings there was no way to avoid intellectual
games, which gave the greatest advantage to a large vo-
cabulary. Every time my limpid contribution was read, I
wanted to sink behind my chair rather than face the con-
descending stares of the Mitchison women. To my relief,
the large number of house guests never permitted my turn
to come often, and I made a point of sitting near the eve-
ning’s box of chocolates, hoping no one would notice that
I never passed it. Much more agreeable were the hours
playing “Murder” in the dark twisting recesses of the up-
stairs floors. The most ruthless of the murder addicts was
Av’s sister Lois, then just back from teaching for a year
in Karachi, and a firm proponent of the hypocrisy of In-
dian vegetable eaters.

Almost from the start of my stay I knew that I would
depart from Naomi’s and Dick’s spectrum of the left with
the greatest reluctance. The prospect of lunch with the al-
coholic English cider more than compensated for the
habit of leaving the outside doors open to the westerly

Elizabeth Watson, with

Clare Bridge in the background.
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winds. My departure, three days after the New Year, none-
theless had been fixed by Murdoch’s arranging for me
to speak at a London meeting of the Society for Experi-
mental Biology. Two days before my scheduled departure
there was a heavy fall of snow, giving to the barren
moors the look of Antarctic mountains. It was a perfect
occasion for a long afternoon walk along the closed
Campbelltown Road, with Av talking about his thesis ex-
periments on the transplantation of immunity while I
thought about the possibility that the road might remain
impassable through the day I was to leave. The climate
was not with me, however, for a group from the house
caught the Clyde steamer at Tarbert and the next morn-
ing we were in London.

Upon my return to Cambridge I had expected to hear
from the States about my fellowship, but there was no of-
ficial communication to greet me. Since Luria had written
me in November not to worry, the absence of firm news
by now seemed ominous. Apparently no decision had
been made and the worst was to be expected. The ax,
however, could at most be only annoying. John and Max
gave me assurance that a small English stipend could be
dug up if T was completely cut off. Only in late January
did my suspense end, with the arrival of a letter from
Washington: I was sacked. The letter quoted the section
of the fellowship award stating that the fellowship was
valid only for work in the designated institution. My vio-
lation of this provision gave them no choice but to revoke
the award,

The second paragraph gave the news that I had been
awarded a completely new fellowship. I was not, how-
ever, to be let off merely with the long period of uncer-
tainty. The second fellowship was not for the customary
twelve-month period but explicitly terminated after eight
months, in the middle of May. My real punishment in not
following the Board’s advice and going to Stockholm was
a thousand dollars. By this time it was virtually impossi-
ble to obtain any support which could begin before the
September start of a new school year. I naturally ac-
cepted the fellowship. Two thousand dollars was not to
be thrown away.

Less than a week later, a new letter came from Wash-
ington. It was signed by the same man, but not as head of
the fellowship board. The hat he now displayed was that
of the chairman of a committee of the National Research
Council. A meeting was being arranged for which T was
asked to give a lecture on the growth of viruses. The time
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of the meeting, to be held in Williamstown i
: , was th -
dle of June, only a month after my fellowship wz\flcfn ég-
pire. T, of course, ha.d not the slightest intention of leav-
;‘ng exthefrr in June or in September. The only problem was
ﬂ:)vtv Ito ame an answer. My first impulse was to write
aat I could not come because of an unforeseen financial
g;sastef. Bug on secopd thought, I was against giving him
; tetesausfactlon of thinking he had affected my affairs. A
etter went off saying that I found Cambridge intellec-

tuall s . :
byt axn:f:ry exciting and so did not plan to be in the States

n 16

BY now I had decided to mark time by worki
bacco mosaic yirus (TMV). A vital corjxflponentn %)fo;l\'ti$
was nucleic acid, and so it was the perfect front to mask
my continued interest in DNA. Admittedly the nucleic-
acxfl component was not DNA but a second form of nu-
cleic acid known as ribonucleic acid (RNA). The differ-
ence was an advantage, however, since Maurice could lay
1o claim to RNA. If we solved RNA we might also pro-
Ede the vital clue to DNA. On the other hand, TMV was
: ought to have a molecular weight of 40 million and at
rst glance should be frightfully more difficult to under-
stand than the much smaller myoglobin and hemoglobin
n;olecule:s that John and Max had been working on for
g’wz;s& without obtaining any biologically interesting an-
Moreover, TMV had previously been looked at wi
;:ys by J. D. Bernal and 1. Fankuchen. This in its;;,;tlvlv;i
: acgy,l c:ilnce the scope of Bernal’s brain was legendary and
) uld never hope to have his grasp of crystallographic
th:i(;ryi T was even unable to understand large sections of
y thc :a;ssxc paper published just after the start of the war
. e oumql of General Physiology. This was an odd
g ce tf(f) publish, but Bernal had become absorbed in the
Stii effort, and Fankuche.n, by then returned to the
es, decgded to place their data in a journal looked at
Y people interested in viruses. After the war Fankuchen

lost interest in viruses, and, though Bernal dabbled at
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protein crystallography, he was more concerned about
furthering good relations with the Communist countries.

Though the theoretical basis for many of their conclu-

sions was shaky, the take-home lesson was obvious. TMV
was constructed from a large number of identical subunits.
How the subunits were arranged they did not know.
Moreover, 1939 was too early to come to grips with the
fact that the protein and RNA components were likely to
be constructed along radically different lines. By now,
however, protein subunits were easy to imagine in large
numbers. Just the opposite was true of RNA. Division of
the RNA component into a large number of subunits
would produce polynucleotide chains too small to carry
the genetic information that Francis and I believed must
reside in the viral RNA. The most plausible hypothesis
for the TMV structure was a central RNA core sur-
rounded by a large number of identical small protein sub-
units.
In fact, there already existed biochemical evidence for
protein building blocks. Experiments of the German Ger-
hard Schramm, first published in 1944, reported that
TMYV particles in mild alkali fell apart into free RNA and
a large number of similar, if not identical, protein mole-
cules. Virtually no one outside Germany, however,
thought that Schramm’s story was right. This was because
of the war. It was inconceivable to most people that the
German beasts would have permitted the extensive exper-
iments underlying his claims to be routinely carried out
during the last years of a war they were so badly losing.
It was all too easy to imagine that the work had direct
Nazi support and that his experiments were incorrectly
analyzed. Wasting time to disprove Schramm was not to
most biochemists’ liking. As I read Bernal’s paper, how-
ever, I suddenly became enthusiastic about Schramm, for,
if he had misinterpreted his data, by accident he had hit
upon the right answer.

Conceivably a few additional X-ray pictures would tell
how the protein subunits were arranged. This was partic-
ularly true if they were helically stacked. Excitedly 1 pil-
fered Bernal’s and Fankuchen’s paper from the Philo-
sophical Library and brought it up to the lab so that
Francis could inspect the TMV X-ray picture. When he
saw the blank regions that characterize helical patterns,
he jumped into action, quickly spilling out several possi-
ble helical TMV structures. From this moment on, 1
knew I could no longer avoid actually understanding the
helical theory. Waiting until Francis had free time to help
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me would save me from havin
I g to master the math -
ics, but only at the penalty of my standing stillnilfaFrealxnizits
?v/:: ggédgg ttlclye sroomﬁthxlllckﬂ:I%d{rflerely a superficial grasp
neede ee W e X-ray picture suggested
:uigh;;;th i:. ft:gt? every 2;5 l?h along the helical axglf T?ie
1 . so simple that Francis considered wri
ing them up und itle, « i “for the
E i%dwatcheg. under the title, “Fourier Transforms for the
This time, however, Francis did
3 , Franc not the b
on sub;:cll}lent days maintained that thcgrg/ide;cea]%oing
| . wTeMntVdo ix was on!y s0-so. My morale automatically
i went Sh:lllll’d utr’mlhl llinztnl;lpon a foolproof reason why sub-
¢ helically arranged. In a moment -
:tia;:l:)[:]p‘e‘r'm borg:lomufrhac: read a Faraday Socie:y D(i)icfg-
s e Structure of Metals.” It contained an i -
::lus theory by the tl:leoretician F. C. Frank oen ﬁtl)lwmcgreyg-
- 0: gr(])lw. Every time the calculations were propetly
L coulea :] :t ;;;adoxtcal ans}:ver emerged that the crystals
W at anywhere near the observed rat
fsrank saw that the paradox vanished if crystals wergane:i
ingrgngutll?; :se rs;)ue.v)t[:l:fl:ted, but contained dislocations result-
res . .
. nevsvemolecules etual gt .e ence of cozy corners into which
[ veral days later, on the bus to Oxf
| , ord, th ti
gme tltoll me that each TMV particle should be thzuzgt“:)l;
pos:e SSigncgs(t;l growing like other crystals through the
Zy corners. Most important, the simpl
. Way to generate cozy corners w. ’ e e_st
 belcally orraed e o as to have the subunits
~ be vay Evo t;elical < :;1 was so simple that it had to
1 saw that k i
. Oxford made me more &ﬁcsle ther Sioimsionl
t that other biological
& structures would also have helice ] ymm ovar
. al s etry. F
f :oclil:geln [;ic‘))reeg (I)veii elec;tron micrographs ;}E mg:cﬁave;ng
e oers, looking for hints of helices. Franci -
& ever, Irel?;amed lukewam, and in the absence of <;1:;’ md
mHugh I?I‘:xllt was futile to try to bring him around.
me o €y came to my rescue by offering to teach
o set up the X-ray camera for photographing
. elway to reveal a helix was to tilt the oriented
A hs:gngoi 3:) sevgl?l angles to the X-ray beam. Fanku-
> : ne this, since before the war :
anlylc:; ai:nouslyr. I thus went to Roy Markha?rg (t)g eségoil;
™V was on hand. Markham the i
st(:lteno Institute, which, unlike all ot.hern ga(;lt();gd;
asth;naasfv;/)ell pgatefl.- This unusual state came from the
A ectoroof i:{nd Keilin, then the “Quick Professor” and
olteno. I always welcomed an excuse to
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i rily at 70° F, even though I was never
:frs;t vsﬁllgﬁli?likgmn would start the'conversation by say-
ing how bad I looked, implying that if I had been brought
up on English beer I would not be in my sorry state. This
time he was unexpectedly sympathetic and without hesita-
tion volunteered some virus. The idea of Francis and me
dirtying our hands with experiments brought unconcealed

t.
amhtf;n}iegt X-ray pictures revealed, not .unexpe-ctedly,
much less detail than was found in the published pictures.
Over a month was required before 1 coul.d get even half-
way presentable pictures. They were still a long w:g,
though, from being good enough to spot a helix. The only
real fun during February came from a cosfume party
given by Geoffrey Roughton at his parents _home on
Adams Road. Surprisingly, Francis did not wish to go,
even though Geoffrey knew many pretty girls and was
said to write poetry wearing one earring. Odile, however,
did not want to miss it, so I went with her after hiring a
Restoration soldier’s garb. The moment we edged through
the door into the crush of half-drunken dancers we knew
the evening would be a smashing success, smce sepmmgly
half the attractive Cambridge au tggtr girls (foreign girls
ivi ith English families) were there. i
hvﬁgv?;ek la%ler there was a Tropical Night Ball that
Odile was keen to attend, both since she had done the
decorations and because it was spgnsorefi by black peo-
ple. Francis again demurred, this time wisely. The dance
floor was half vacant, and even after several long dnnktsh I
did not enjoy dancing badly in open view. More to the
point was that Linus Pauling was coming to pondon 111n
May for a meeting organized by the Royal Society on the
structure of proteins. One could never be sure where he
would strike next. Particularly chilling was the prospect
that he would ask to visit King’s.

|

e 1T e

LiNus, however, was blocked from descending on Lon-
don. His trip abruptly terminated at Idlewild through the
removal of his passport. The State Department did not
want troublemakers like Pauling wandering about the
globe saying nasty things about the politics of its onetime
investment bankers who held back the hordes of godless
Reds. Failure to contain Pauling might result in a London
press conference with Linus expounding peaceful coexist-
ence. Acheson’s position was harassed enough without
giving McCarthy the opportunity to announce that our
government let radicals protected by U.S. passports set
back the American way of life.

Francis and I were already in London when the scan-
dal reached the Royal Society. The reaction was one of
almost complete disbelief. It was far more reassuring to
go on imagining that Linus had taken ill on the plane to
New York. The failure to let one of the world’s leading
scientists attend a completely nonpolitical meeting would
have been expected from the Russians. A first-rate Rus-
sian might easily abscond to the more affluent West. No
danger existed, however, that Linus might want to flee.
Only complete satisfaction with their Cal Tech existence
came from him and his family.

Several members of Cal Tech’s governing board, how-
ever, would have been delighted with his voluntary depar-

" ture. Every time they picked up a newspaper and saw
Pauling’s name among the sponsors of the World Peace
- Conference they seethed with rage, wishing there were a
. Way to rid Southern California of his pernicious charm.
- Buf Linus knew better than to expect more than confused
anger from the self-made California millionaires whose
knowledge of foreign policy was formed largely by the
Los Angeles Times.
The debacle was no surprise to several of us who had
/Just been in Oxford for a Society of General Microbiology
- Meeting on “The Nature of Viral Multiplication.” One of
€ main speakers was to have been Luria. Two weeks
% Prior to his scheduled flight to London, he was notified
. that he would not get a passport. As usual, the State De-
: l‘;?nrtment would not come clean about what it considered

Luria’s absence thrust upon me the job of describing
- the recent experiments of the American phage workers.
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There was no need to put together a speech. Several days
before the meeting, Al Hershey had sent me a long letter
from Cold Spring Harbor summarizing the recently com-
pleted experiments by which he and Martha Chase estab-
lished that a key feature of the infection of a bacterium by {
a phage was the injection of the viral DNA into the host |
bacterium. Most important, very little protein entered the
bacterium. Their experiment was thus a powerful new
proof that DNA is the primary genetic material.

Nonetheless, almost no one in the audience of over
four hundred microbiclogists seemed interested as I read
long sections of Hershey’s letter. Obvious exceptions were
André Lwoff, Seymour Benzer, and Gunther Stent, all
briefly over from Paris. They knew that Hershey’s experi-
ments were not trivial and that from then on everyone
was going to place more emphasis on DNA. To most of
the spectators, however, Hershey’s name carried no
weight. Moreover, when it came out that I was an Ameri-
can, my uncut hair provided no assurance that my scien-
tific judgment was not equally bizarre.

Dominating the meeting were the English plant virolo-
gists F. C. Bawden and N. W. Pirie. No one could match
the smooth erudition of Bawden or the assured nihilism
of Pirie, who strongly disliked the notion that some
phages have tails or that TMV is of fixed length. When 1
tried to corner Pirie about Schramm’s experiments he
said they should be dismissed, and so I retreated to the
politically less controversial point of whether the 3000 A
length of many TMV particles was biologically important.
The idea that a simple answer was preferable had no ap-
peal to Pirie, who knew that viruses were too large to
have well-defined structures.

If it had not been for the presence of Lwoff, the meet-
ing would have flopped totally. André was very keen
about the role of divalent metals in phage multiplication
and so was receptive to my belief that ions were deci-
sively important for nucleic-acid structure. Especially in-
triguing was his hunch that specific ions might be the
trick for the exact copying of macromolecules or the at-
traction between similar chromosomes. There was no way
to test our dreams, however, unless Rosy did an about-
face from her determination to rely completely on classi-
cal X-ray diffraction techniques.

At the Royal Society Meeting there was no hint that
anyone at King’s had mentioned ions since the confronta-
tion with Francis and me in early December. Upon press-
ing Maurice, I learned that the jigs for the molecular

In Paris on the way to the Riviera, spring 1952,
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models had not been touched after arriving at his lab.
The time had not yet come to press Rosy and Goslmg
about building models. If anything, the squabbling be-
tween Maurice and Rosy was more bitter than before the
visit to Cambridge. Now she was insisting that her data
told her DNA was not a helix. Rather than l?ulld helical
models at Maurice’s command, she might twist the cop-
r-wire models about his neck.

peWhtsn Maurice asked whether we needed the molds
back in Cambridge, we said yes, half implying that more
carbon atoms were needed to make models showing how
polypeptide chains turned corners. To my relief, Ma_uns:e
was very open about what was not happening at King’s.
The fact that I was doing serious X-ray work with TMV
gave him assurance that I should not soon again become
preoccupied with the DNA pattern.

~ 18

MAURICE had no suspicion that almost immediately I
would get the X-ray pattern needed to prove that TMV
was helical. My unexpected success came from using a
powerful rotating anode X-ray tube which had just been
assembled in the Cavendish. This supertube permitted me
to take pictures twenty times faster than with conven-
tional equipment. Within a week I more than doubled the
number of my TMV photographs. i
Custom then locked the doors of the Cavendish at
10:00 p.M. Though the porter had a flat next to the gate,
no one disturbed him after the closing hour. Rutherford
had believed in discouraging students from night work,
since the summer evenings were more suitable for tennis.
Even fifteen years after his death there was only one key
available for late workers. This was now pre-empted by
Hugh Huxley, who argued that muscle t}bers were living
and hence not subject to rules for physicists. When ncces-
sary, he lent me the key or walked down the stair to un-
lock the heavy doors that led out onto Free School Lane.
Hugh was not in the lab when late on a midsummer
June night I went back to shut down the X-ray tube and
to develop the photograph of a new TMV sample. It was
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tilted at about 25 degrees, so that if I were lucky I'd find
the helical reflections. The moment I held the still-wet
negative against the light box, I knew we had it. The tell-
tale helical markings were unmistakable. Now there
should be no problem in persuading Luria and Delbriick
that my staying in Cambridge made sense. Despite the
midnight hour, I had no desire to go back to my room on
Tennis Court Road, and happily I walked along the backs

- forover an hour.

The following morning I anxiously awaited Francis® arriv-
al to confirm the helical diagnosis. When he needed less than
ten seconds to spot the crucial reflection, all my lingering
doubts vanished. In fun I went on to trap Francis into be-
lieving that I did not think my X-ray picture was in fact very
critical. Instead, I argued that the really important step was
the cozy-corner insight. These flippant words were hardly
out of my mouth before Francis was off on the dangers of
uncritical teleology. Francis always said what he meant and
assumed that I acted the same way. Though success in Cam-
bridge conversation frequently came from saying something
preposterous, hoping that someone would take you seri-
ously, there was no need for Francis to adopt this gambit. A
discourse of only one or two minutes on the emotional
problems of foreign girls was always sufficient tonic for
even the most staid Cambridge evening.

It was, of course, clear what we should next conquer.
No more dividends could come quickly from TMV. Fur-
ther unraveling of its detailed structure needed a more
professional attack than I could muster. Moreover, it was
not obvious that even the most backbreaking effort would
give within several years the structure of the RNA compo-
nent. The way to DNA was not through TMV.

The moment was thus appropriate to think seriously
about some curious regularities in DNA chemistry first
observed at Columbia by the Austrian-born biochemist
Erwin Chargaff. Since the war, Chargaff and his students
had been painstakingly analyzing various DNA samples
for the relative proportions of their purine and pyrimidine
bases. In all their DNA preparations the number of ade-
Rine (A) molecules was very similar to the number of
thymine (T) molecules, while the number of guanine
(G) molecules was very close to the number of cytosine

- (C) molecules. Moreover, the proportion of adenine and

thymine groups varied with their biological origin. The

j DNA of some organisms had an excess of A and T, while

m other forms of life there was an excess of G and C. No

- eXplanation for his striking results was offered by
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Chargaff, though he obviously thought they were signifi-
cant. When I first reported them to Francis they did not
ring a bell, and he went on thinking about other matters.

Soon afterwards, however, the suspicion that the regu-

larities were important clicked inside his head as the re-
sult of several conversations with the young theoretical
chemist John Oriffith. One occurred while they were
drinking beer after an evening talk by the astronomer
Tommy Gold on “the perfect cosmological principle.”
Tommy’s facility for making a far-out idea seem plausible
set Francis to wondering whether an argument could be
made for a “perfect biological principle.” Knowing that
Griffith was interested in theoretical schemes for gene re-
plication, he popped out with the idea that the perfect
biological principle was the self-replication of the gene—
that is, the ability of a gene to be exactly copied when the
chromosome number doubles during cell division. Grif-
fith, however, did not go along, since for some months he
had preferred a scheme where gene copying was based
upon the alternative formation of complementary sur-
faces.

This was not an original hypothesis. It had been float-
ing about for almost thirty years in the circle of theoreti-
cally inclined geneticists intrigued by gene duplication.
The argument went that gene duplication required the
formation of a complementary (negative) image where
shape was related to the original (positive) surface like a
lock to a key. The complementary negative image would
then function as the mold (template) for the synthesis of
a new positive image. A smaller number of geneticists,
however, balked at complementary replication. Promi-
nent among them was H. J. Muller, who was impressed
that several well-known theoretical physicists, especially
Pascual Jordan, thought forces existed by which like at-
tracted like. But Pauling abhorred this direct mechanism
and was especially irritated by the suggestion that it was
supported by quantum mechanics. Just before the war, he
asked Delbriick (who had drawn his attention to Jordan’s
papers) to coauthor a note to Science firmly stating that
quantum mechanics favored a gene-duplicating mecha-
nism involving the synthesis of complementary replicas.

Neither Francis nor Griffith was long satisfied that eve-
ning by restatements of well-worn hypotheses. Both knew
that the important task was now to pinpoint the attractive
forces. Here Francis forcefully argued that specific hydro-
gen bonds were not the answer. They could not provide
the necessary exact specificity, since our chemist friends
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repeatedly told us that the hydrogen atoms in i
and pyrimidine bases did ngt h%we fixed loc;ltliinl;uré?lf
randomly moved from one spot to another. Instead, Fran-
cis had the feeling that DNA replication involved s’peciﬁc
attractn_'e forces between the flat surfaces of the bases.
. Luckily, this was the sort of force that Griffith might
just be able to calculate. If the complementary scheme
was nght, be might find attractive forces between bases
with different structures. On the other hand, if direct copy-
ing existed, his calculations might reveal attraction EZ-
tween ldfzntical bases. Thus, at the closing hour the
parted with the understanding that Griffith would sce 1)f,
the calculatlops were feasible. Several days later, when
they bumped into each other in the Cavendish tea,queue
Fran_cns learned that a semirigorous argument hinted tha{
adenine and thymine should stick to each other by their
flat surfacgs. A similar argument could be put forward
for attractive forces between guanine and cytosine.
Francis immediately jumped at the answer. If his mem-
ory served him right, these were the pairs of bases that
Chargaff had shown to occur in equal amounts. Excitedly
he told Griffith that I had recently muttered to him some
odd ,results of Chargaff’s. At the moment, though, he
;vsazx(l) ctmsure tlihact1 tthe same base pairs were involved. "But
as the data were checked i
ﬁth: r?oms to set him straight. 4 e would drop by Grit-
t Junch I confirmed that Francis had got Ch
results right. But by then he was only routingely entzll'lrugs"il'«tifs’f
tic as he went over Griffith’s quantum-mechanical argu-
ments. For one thing, Griffith, when pressed, did not
want to defend his exact reasoning too strongly. Too man
Variables had been ignored to make the calculation);
gossﬂ)le In a reasonable time. Moreover, though each
ase has two flat sides, no explanation existed for wh
?nly one side would be chosen. And there was no reasox)l’
tgr. ruln.lg. out the idea that Chargaff’s regularities had
eir origin in tl}e genetic code. In some way specific
(g}r:ups. of nucleotides must code for specific amino acids
nceivably, adenine equaled thymine because of a yei
undlscq\fered role in the ordering of the bases. There was
o gdguon Roy Markham’s assurance that, if Chargaff
by dicti at guanine equaled cytosine, he was equally certain
N not. In Markham’s eyes, Chargaff’s experimental
et ;)ds inevitably underestimated the true amount of cy-
Nonetheless, Francis was not yet ready to du i
fith’s scheme when, early in July): John I);endrev:/n gvacl}l:;fd
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into our newly acquired office to tell us that Chargaff
himself would soon be in Cambridge for an evening. John
had arranged for him to have dinner at Peterhouse, and
Francis and I were invited to join them later for drinks in
John’s room. At High Table John kept the conversation
away from serious matters, letting loose only the possibil-
ity that Francis and I were going to solve the DNA struc-
ture by model building. Chargaff, as one of the world’s
experts on DNA, was at first not amused by dark horses
trying to win the race. Only when John reassured him by
mentioning that I was not a typical American did he real-
ize that he was about to listen to a nut. Seeing me quickly
reinforced his intuition. Immediately he derided my hair
and accent, for since I came from Chicago I had no right
to act otherwise. Blandly telling him that I kept my hair
long to avoid confusion with American Air Force person-
nel proved my mental instability.

The high point in Chargaff’s scorn came when he led
Francis into admitting that he did not remember the
chemical differences among the four bases. The faux pas
slipped out when Francis mentioned Griffith’s calcula-
tions. Not remembering which of the bases had amino
groups, he could not qualitatively describe the quantum-
mechanical argument until he asked Chargaff to write out
their formulas. Francis’ subsequent retort that he could
always look them up got nowhere in persuading Chargaff
that we knew where we were going or how to get there.

But regardless of what went through Chargaff’s sarcas-
tic mind, someone had to explain his results. Thus the
next afternoon Francis buzzed over to Griffith’s rooms in
Trinity to set himself straight about the base-pair data.
Hearing “Come in,” he opened the door to see Griffith
and a girl. Realizing that this was not the moment for sci-
ence, he slowly retreated, asking Griffith to tell him again
the pairs produced by his calculations. After scribbling
them down on the back of an envelope, he left. Since I
had departed that morning for the continent, his next stop
was the Philosophical Library, where he could remove his
lingering doubts about Chargaff’s data. Then with both
sets of information firmly in hand, he considered return-
ing the next day to Griffith’s rooms. But on second
thought he realized that Griffith’s interests were else-
where. It was all too clear that the presence of popsies
does not inevitably lead to a scientific future.

e 19

Two weeks later Chargaff and I glanced at each other in
Paris. Both of us were there for the International Bio-
chemical Congress. A trace of a sardonic smile was all the
recognition I got when we passed in the courtyard outside
the massive Salle Richelieu of the Sorbonne. That day I
was tracking down Max Delbriick. Before I had left Co-
nhagen for Cambridge, he had offered me a research
sition in the biology division of Cal Tech and arranged a

- Polio Foundation fellowship, to start in September 1952.

This March, however, I had written Delbriick that I
wanted another Cambridge year. Without any hesitation
he saw to it that my forthcoming fellowship was trans-
ferred to the Cavendish. Delbriick’s speedy approval
pleased me, for he had ambivalent feelings about the ulti-
mate value to biology of Pauling-like structural studies.

With the helical TMV picture now in my pocket, I felt
more confident that Delbriick would at last wholeheart-
edly approve my liking for Cambridge. A few minutes’
conversation, nonetheless, revealed no basic change in his
outlook. Almost no comments emerged from Delbriick as
I outlined how TMV was put together. The same indif-
ferent response accompanied my hurriedly delivered
summary of our attempts to get DNA by model building.
Delbriick was drawn out only by my remark that Francis
was exceedingly bright. Unfortunately, I went on to liken
Francis’ way of thinking to Pauling’s. But in Delbriick’s
world no chemical thought matched the power of a ge-
netic cross. Later that evening, when the geneticist Boris
Ephrussi brought up my love affair with Cambridge,
Delbriick threw up his hands in disgust.

The sensation of the meeting was the unexpected ap-
pearance of Linus. Possibly because there had been con-
siderable newspaper play on the withdrawal of his pass-
port, the State Department reversed itself and allowed
Linus to show off the a-helix. A lecture was hastily ar-
ranged for the session at which Perutz spoke. Despite the
short notice, an overflow crowd was on hand, hoping that
they would be the first to learn of a new inspiration. Paul-
ing’s talk, however, was only a humorous rehash of pub-
lished ideas. It nonetheless satisfied everybody, except the
few of us who knew his recent papers backward and for-
ward. No new fireworks went off, nor was there any indi-
cation given about what now occupied his mind. After his
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lecture, swarms of admirers surrounded him, and I didn’t
have the courage to break in before he and his wife, Ava
Helen, went back to the nearby Trianon Hotel.

Maurice was about, looking somewhat sour. He had
stopped over on his way to Brazil, where he was to lecture
for a month on biophysics. His presence surprised me,
since it was against his character to seek the trauma of
watching two thousand bread-and-butter biochemists pile
in and out of badly lighted baroque lecture halls. Speak-
ing down to the cobblestones, he asked me whether I
found the talks as tedious as he did. A few academics like
Jacques Monod and Sol Spiegelman were enthusiastic
speakers, but generally there was so much droning that he
found it hard to stay alert for the new facts he should
pick up.

I tried to rescue Maurice’s morale by bringing him out
to the Abbaye at Royaumont for the week-long meeting
on phage following the biochemical congress. Though his
departure for Rio would limit him to only a night’s stay,
he liked the idea of meeting the people who did clever
biological experiments about DNA. In the train going to
Royaumont, however, he looked off-color, giving no indi-
catign of wanting either to read The Times or to hear me
gossip about the phage group. After we were fixed with
beds in the high-ceilinged rooms of the partially restored
Cistercian monastery, I began talking with some friends I
!1ad not seen since leaving the States. Later I kept expect-
ing Maurice to search me out, and when he missed dinner
I went up to his room. There I found him lying fiat on his
stomach, hiding his face from the dim light I had turned
on. Something eaten in Paris had not gone down prop-
erly, ])ut he told me not to be bothered. The following
morning I was given a note saying that he had recovered
but had to catch the early train to Paris and apologizing
for the trouble he had given me.

Later that morning Lwoff mentioned that Pauling was
coming out for a few hours the next day. Immediately I
began to think of ways that would allow me to sit next to
him at lunch, His visit, however, bore no relation to sci-
ence. Jeffries Wyman, our scientific attaché in Paris and
an acquaimntance of Pauling’s, thought that Linus and Ava
Helen would enjoy the austere charm of the thirteenth-
Century buildings. During a break in the morning session
I caught sight of Wyman’s bony, aristocratic face in
search of André Lwoff. The Paulings were here and soon
began talking to the Delbriicks. Briefly I had Linus to
myself after Delbriick mentioned that twelve months
hence I was coming to Cal Tech. Our conversation cen-
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The meeting at Royaumont, July 1952,

tered on the possibility that at Pasadena I might continue
X-ray work with viruses. Virtually no words went to
DNA. When I brought up the X-ray pictures at King's,
Linus gave the opinion that very accurate X-ray work of
the type done by his associates on amino acids was vital
to our eventual understanding of the nucleic acids.

I got much further with Ava Helen. Learning that 1
would be in Cambridge next year, she talked about her
son Peter. Already I knew that Peter was accepted by
Bragg to work toward a Ph.D. with John Kendrew. This
was despite the fact that his Cal Tech grades left much to
be desired, even considefing his long bout with mononu-~
cleosis. John, however, did not want to challenge Linus’
desire to place Peter with him, especially knowing that he
and his beautiful blonde sister gave smashing parties.
Peter and Linda, if she were to visit him, would undoubt-
edly liven up the Cambridge scene. Then the dream of
virtually every Cal Tech chemistry student was that Linda
would make his reputation by marrying him. The scuttle-
butt about Peter centered on girls and was confused. But
now Ava Helen gave me the dope that Peter was an ex-
ceptionally fine boy whom everybody would enjoy having
around as much as she did. All the same, I remained si-
lently unconvinced that Peter would add as much to our
lab as Linda. When Linus beckoned that they must go, I
told Ava Helen that I would help her son adjust to the
restricted life of the Cambridge research student.
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A garden party at Sans Souci, the country home of the
Baroness Edmond de Rothschild, effectively brought the
meeting to its end. Dressing was no easy matter for me,
Just before the biochemical congress all my belongings
were snatched from my train compartment as I was sleep-
ing. Except for a few items picked up at an army PX, the
clothes I still possessed had been chosen for a subse-
quent visit to the Italian Alps. While I felt at ease giving
my talk on TMV in shorts, the French contingent feared
that I would go one step further by arriving at Sans Souci
in the same outfit. A borrowed jacket and tie, however,
made me superficially presentable as our bus driver let us
out in front of the huge country house.

Sol Spiegelman and I went straight for a butler car-
rying smoked salmon and champagne, and after a few
minutes sensed the value of a cultivated aristocracy. Just
before we were to reboard the bus, I wandered into the
large drawing room dominated by a Hals and a Rubens.
The Baroness was telling several visitors how pleased she
was to have such distinguished guests. She did regret,
however, that the mad Englishman from Cambridge had
decided not to come and enliven the mood. For an instant
I was puzzled, until I realized that Lwoff had thought it
prudent to warn the Baroness about an unclothed guest
who might prove eccentric. The message of my first meet-
ing with the aristocracy was clear. 1 would not be invited
back if I acted like everyone else.

Vacation in the Italian Alps, August 1952,

e D0 e

To Francis’ dismay, I showed little tendency to concen-
trate on DNA when my summer holiday ended. I was
preoccupied with sex, but not of a type that needed en-
couragement., The mating habits of bacteria were admit-
tedly a unique conversation piece—absolutely no one in
his and Odile’s social circle would guess bacteria had sex
lives. On the other hand, working out how they did it was
best left to minor minds. Rumors of male and female
bacteria were floating about at Royaumont, but not until
early in September, when I attended a small meeting on
microbial genetics at Pallanza, did I get the facts from the
bhorse’s mouth. There, Cavalli-Sforza and Bill Hayes
talked about the experiments by which they and Joshua
Lederberg had just established the existence of two dis-
crete bacterial sexes.

Bill’s appearance was the sleeper of the three-day gath-
ering: before his talk no one except Cavalli-Sforza knew
he existed. As soon as he had finished his unassuming re-
port, however, everyone in the audience knew that a
bombshell had exploded in the world of Joshua Leder-
berg. In 1946 Joshua, then only twenty, burst upon the
biological world by announcing that bacteria mated and
showed genetic recombination. Since then he had carried
out such a prodigious number of pretty experiments that
virtually no one except Cavalli dared to work in the same
field. Hearing Joshua give Rabelaisian nonstop talks of
three to five hours made it all too clear that he was an
enfant terrible. Moreover, there was his godlike quality of
each year expanding in size, perhaps eventually to fill the
universe.

Despite Joshua’s fabulous cranium, the genetics of
bacteria became messier each year. Only Joshua took any
enjoyment from the rabbinical complexity shrouding his
recent papers. Occasionally I would try to plow through
one, but inevitably I'd get stuck and put it aside for an-
other day. No high-power thoughts, however, were re-
quired to understand that the discovery of the two sexes
might soon make the genetic analysis of bacteria straight-
forward. Conversations with Cavalli, nonetheless, hinted
that Joshua was not yet prepared to think simply. He
liked the classical genetic assumption that male and fe-
male cells contributed equal amounts of genetic material,
even though the resulting analysis was perversely com-
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plex. In contrast, Bill’s reasoning started from the seem-
ingly arbitrary hypothesis that only a fraction of the male
chromos.omal material enters the female cell. Given this
assumption, further reasoning was infinitely simpler.

As_ soon as I r.et_urned to Cambridge, I beelined out to
the library containing the journals to which Joshua had
sent his recent work. To my delight I made sense of al-
most all thg previously bewildering genetic crosses. A few
matings still were inexplicable, but, even so, the vast
masses of data now falling into place made me certain
that we were on the right track. Particularly pleasing was
the pOSSlblllty. that Joshua might be so stuck on his classi-
cal way of thinking that I would accomplish the unbeliev-
able feat of beating him to the correct interpretation of
his I\ZWl:i exXperiments.

y_desire to clean up skeletons in Joshua’s cl
Erancx§ almost cold. The discovery that bacteria v?::':a lgg
vided into male and female sexes amused but did not
arouse him. Almost all his summer had been spent col-
lecting pedantic data for his thesis, and now he was in a
mood to think about important facts. Frivolously wor-
rying whether bacteria had one, two, or three chromo-
somes would not help us win the DNA structure. As long
as I kept watch on the DNA literature, there was a
chance that something might pop out of lunch or teatime
conversations. But if I went back to pure biology, the ad-
zglstaﬁe of our small headstart over Linus might suddenly

At this time there was still a nagging feeling in Francis’
mind that Ch_argaff’s rules were agrgelal.llgkey. Ix% fact rz::g;
I was away in the Alps he had spent a week tr;ring to
prove experimentally that in water solutions there were
attractive forces between adenine and thymine, and be-
tween guanine and cytosine. But his efforts had yielded
m.)thmg.. In addition, he was really never at ease talking
with Griffith. Somehow their brains didn’t jibe well, and
there would be long awkward pauses after Francis had
thrashed through the merits of a given hypothesis. This
was no reason, however, not to tell Maurice that conceiv-
ably .adempe was attracted to thymine and guanine to
cytosine. Since he had to be in London late in October
for another reason, he dropped a line to Maurice saying
he could come by King’s. The reply, inviting him to
lunch, was unexpectedly cheerful, and so Francis looked

for;v{ard toa xr'lealistic discussion of DNA.
owever, he made the mistake of tactf i
not too interested in DNA by starting to t;;l}:yagggte ?gfg
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teins. Over half the lunch was thus wasted when Maurice
changed the topic to Rosy and droned on and on about
per lack of cooperation. Meantime, Francis’ mind fas-
tened on a more amusing topic until, the meal over he re-
membered that he had to rush to a 2:30 appointment.
Hurriedly he left the building and was out on the street
before realizing he had not brought up the agreement be-
tween Griffith’s calculations and Chargaff’s data. Since it
would look too silly to rush back in, he went on, return-
ing that evening to Cambridge. The following morning,
after I was told about the futility of the lunch, Francis
tried to generate enthusiasm for our having a second go
at the structure.

Another zeroing in on DNA, however, did not make
sense to me. No fresh facts had come in to chase away
the stale taste of last winter’s debacle. The only new re~
sult we were likely to pick up before Christmas was the
divalent metal content of the DNA-containing phage T4.
A high value, if found, would strongly suggest binding of
Mg+* to DNA. With such evidence I might at last force
the King’s groups to analyze their DNA samples. But the
prospects for immediate hard results were not good. First,
Maalge’s colleague Nils Jerne must send the phage from
Copenhagen. Then I would need to arrange for accurate
measurement of both the divalent metals and the DNA
content. Finally, Rosy would have to budge.

Fortunately, Linus did not look like an immediate
threat on the DNA front. Peter Pauling arrived with the
inside news that his father was preoccupied with schemes
for the supercoiling of e-helics in the hair protein, kera-
tin. This was not especially good news to Francis. For al-
most a year he had been in and out of euphoric moods
about how a-helices packed together in coiled coils. The
trouble was that his mathematics never gelled tightly.
When pressed he admitted that his argument had a
woolly component. Now he faced the possibility that
Linus’ solution would be no better and yet he would get
all the credit for the coiled coils.

Experimental work for his thesis was broken off so that
the coiled-coil equations could be taken up with redou-
bled effort. This time the correct equations fell out, partly
thanks to the help of Kreisel, who had come over to
Cambridge to spend a weekend with Francis. A letter to
Nature was quickly drafted and given to Bragg to send on
to the editors, with a covering note asking for speedy
publication. If the editors were told that a British article
was of above-average interest, they would try to publish
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the manuscript almost immediately. With luck, Francis’
coiled coils would get into print as soon as if not before
Pauling’s.

Thus there was growing acceptance both in and outside
Cambridge that Francis’ brain was a genuine asset.
Though a few dissidents still thought he was a laughing
talking-machine, he nonetheless saw problems through to
the finish line. A reflection of his increasing stature was
an offer received early in the fall to join David Harker in
Brooklyn for a year. Harker, having collected a million
dollars to solve the structure of the enzyme ribonuclease,
was in search of talent, and the offer of six thousand for
one year seemed to Odile wonderfully generous. As ex-
pected, Francis had mixed feelings. There must be rea-
sons why there were so many jokes about Brooklyn. On
the other hand, he had never been in the States, and even
Brooklyn would provide a base from which he could visit
more agreeable regions. Also, if Bragg knew that Crick
would be away for a year, he might view more favorably
a request from Max and John that Francis be reappointed
for another three years after his thesis was submitted. The
best course seemed tentatively to accept the offer, and in
mid-October he wrote Harker that he would come to
Brooklyn in the fall of the following year.

_As the fall progressed, I remained ensnared by bacte-
rial matings, often going up to London to talk with Bill
Hayes at his Hammersmith Hospital lab. My mind
snapped back to DNA on the evenings when I managed
fo catch Maurice for dinner on my way home to Cam-
bridge. Some afternoons, however, he would quietly slip
away, and his lab group had it that a special girl friend
existed. Finally it came out that everything was above
board. The afternoons were spent at a gymnasium learn-
ing how to fence.

The situation with Rosy remained as sticky as ever.
Upon his return from Brazil, the unmistakable impression
was given that she considered collaboration even more
impossible than before. Thus, for relief, Maurice had
tak_en‘ up interference microscopy to find a trick for
weighing chromosomes. The question of finding Rosy a
job elsewhere had been brought to his boss, Randall, but
the best to be hoped for would be a new position starting
a year hence. Sacking her immediately on the basis of her
acid smile just couldn’t be dome. Moreover, her X-ray
pictures were getting prettier and prettier. She gave no
sign, however, of liking helices any better. In addition,
she thought there was evidence that the sugar-phosphate
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pbackbone was on the outside of the molecule. There was
po easy way to judge whether this assertion had any
scientific basis. As long as Francis and I remained closed
out from the experimental data, the best course was to
maintain an open mind. So I returned to my thoughts
about sex.

e D] e

I was by now living in Clare College. Soon after my ar-
rival at the Cavendish, Max had slipped me into Clare as
a research student. Working for another Ph.D. was non-
sense, but only by using this dodge would I have the pos-
sibility of college rooms. Clare was an unexpectedly
happy choice. Not only was it on the Cam with a perfect
garden but, as I was to learn later, it was especially con-
siderate toward Americans.

Before this happened 1 was almost stuck in Jesus. At
short notice Max and John thought I would have the best
chance to be accepted by one of the small colleges, since
they had relatively fewer research students than the large,
more prestigious, and wealthy colleges like Trinity or
King’s. Max thus asked the physicist Denis Wilkinson,
then a Fellow of Jesus, whether an opening might exist in
his college. The following day Denis came by to say Jesus
would have me and that I should arrange an appointment
to learn the formalities of mat:'culation.

A talk with its head tutor, however, made me try else-
where. Jesus’ possession of only a few research students
appeared related to its formidable reputation on the river.
No research student could live in, and so the only pre-
dictable consequences of being a Jesus man were bills for
a Ph.D. that I would never acquire. Nick Hammond, the
classicist head tutor at Clare, painted a much rosier out-
look for their foreign research students. In my second
year up, I could move into the college. Moreover, at
Clare there would be several American research students
I might meet.

Nonetheless, during my first Cambridge year, when I
lived on Tennis Court Road with the Kendrews, I saw
virtually nothing of college life. After matriculation I
went into hall for several meals until I discovered that I
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was unlikely to meet anyone during the ten-to-twelve-
minute interval needed to slop down the brown soup,
stringy meat, and heavy pudding provided on most eve-
nings. Even during my second Cambridge year, when 1
moved into rooms on the R staircase of Clare’s Memoria}
Court, my boycott of college food continued. Breakfast at
the Whim could occur much later than if I went to hall,
For 3/6 the Whim gave a half-warm site to read The
Times while flat-capped Trinity types turned the pages of
the Telegraph or News Chronicle. Finding suitable
evening food on the town was trickier. Eating at the Arts
or the Bath Hotel was reserved for special occasions, so
when Odile or Elizabeth Kendrew did not invite me to
supper I took in the poison put out by the local Indian
and Cypriote establishments.

My stomach lasted only until early November before
violent pains hit me almost every evening. Alternative
treatments with baking soda and milk did not help, and
so, despite Elizabeth’s assurance that nothing was wrong,
I showed up at the ice-cold Trinity Street surgery of a
local doctor. After I was allowed to appreciate the oars on
his walls, I was expelled with a prescription for a large
bottle of white fluid to be taken after meals. This kept me
going for almost two weeks, when, with the bottle empty,
I returned to the surgery with the fear that I had an ulcer.
The news that an alien’s dyspeptic pains were persisting
de_ not, however, evoke any sympathetic words, and
again I retreated into Trinity Street with a prescription
for more white stuff.

That evening I stopped by at the Cricks’ newly bought
house, hoping that gossip with Odile would make me for-
get my stomach. The Green Door recently had been
abandoned for larger quarters on nearby Portugal Place.
Already the dreary wallpaper on the lower floors was
gone, and Odile was busy making curtains appropriate for
a house large enough to have a bathroom. After I was
given a glass of warm milk we began discussing Peter
Pauling’s discovery of Nina, Max’s young Danish au pair
girl. Then the problem was taken up of how I might es-
tablish a connection with the high-class boarding house
run by Camille “Pop” Prior at 8 Scroope Terrace. The
food at Pop’s would offer no improvement over hall, but
the French girls who came to Cambridge to improve their
English were another matter. A seat at Pop’s dinner
table, however, could not be asked for directly. Instead,
both Odile and Francis thought the best tactic for getting
a foot in the door was to commence French lessons with

—
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Pop, whose deceased husband had been the Professor of
French before the war. If I suited Pop’s fancy, I might be
jnvited to one of her sherry parties and meet her current
crop of foreign girls. Odile promised to ring Pop to see if
lessons could be arranged, and I cycled back to college
with the hope that soon my stomach pains would have
reason to vanish.

Back in my rooms I lit the coal fire, knowing there was
no chance that the sight of my breath would disappear
before I was ready for bed. With my fingers too cold to
write legibly I huddled next to the fireplace, daydreaming
about how several DNA chains could fold together in a
pretty and hopefully scientific way. Soon, however, I
abandoned thinking at the molecular level and turned to
the much easier job of reading biochemical papers on the
interrelations of DNA, RNA, and protein synthesis.

Virtually all the evidence then available made me be-
licve that DNA was the template upon which RNA
chains were made. In turn, RNA chains were the likely
candidates for the templates for protein synthesis. There
were some fuzzy data using sea urchins, interpreted as a
transformation of DNA into RNA, but I preferred to
trust other experiments showing that DNA molecules,
once synthesized, are very very stable. The idea of the
genes’ being immortal smelled right, and so on the wall
above my desk I taped up a paper sheet saying
DNA > RNA > protein. The arrows did not signify
chemical transformations, but instead expressed the trans-
fer of genetic information from the sequences of nucleo-
tides in DNA molecules to the sequences of amino acids
in proteins.

Though I fell asleep contented with the thought that I
understood the relationship between nucleic acids and
protein synthesis, the chill of dressing in an ice-cold bed-
room brought me back to the knowing truth that a slogan
was no substitute for the DNA structure. Without it, the
only impact that Francis and I were likely to have was to
convince the biochemists we met in a nearby pub that we
would never appreciate the fundamental significance of
complexity in biology. What was worse, even when Fran-
cis stopped thinking about coiled coils or I about bacte-
rial genetics, we still remained stuck at the same place we
were twelve months before. Lunches at the Eagle fre-
quently went by without a mention of DNA, though
usually somewhere on our after-lunch walk along the
backs genes would creep in for a moment.

On a few walks our enthusiasm would build up to the
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point that we fiddled with the models when we got back
to our office. But almost immediately Francis saw that the
reasoning which had momentarily given us hope led no-
where. Then he would go back to the examination of the
hemoglobin X-ray photographs out of which his thesis
must emerge. Several times I carried on alone for a half
hour or so, but without Francis’ reassuring chatter my in-
ability to think in three dimensions became all too appar-
ent.

I was thus not at all displeased that we were sharing
our office with Peter Pauling, then living in the Peter-
house hostel as a research student of John Kendrew’s.
Peter’s presence meant that, whenever more science was
pointless, the conversation could dwell on the compara-
tive virtues of girls from England, the Continent, and Cal-
ifornia. A fetching face, however, had nothing to do with
the broad grin on Peter’s face when he sauntered into the
office one afternoon in the middle of December and put
his feet up on his desk. In his hand was a letter from the
States that he had picked up on his return to Peterhouse
for lunch.

It was from his father. In addition to routine family
gossip was the long-feared news that Linus now had a
structure for DNA. No details were given of what he was
up to, and so each time the letter passed between Francis
and me the greater was our frustration. Francis then
began pacing up and down the room thinking aloud, hop-
ing that in a great intellectual fervor he could reconstruct
what Linus might have done. As long as Linus had not
told us the answer, we should get equal credit if we an-
nounced it at the same time.

Nothing worthwhile had emerged, though, by the time
we walked upstairs to tea and told Max and John of the
letter. Bragg was in for a moment, but neither of us
wanted the perverse joy of informing him that the English
labs were again about to be humiliated by the Americans.
As we munched chocolate biscuits, John tried to cheer us
up with the possibility of Linus’ being wrong. After all,
he had never seen Maurice’s and Rosy’s pictures. Our
hearts, however, told us otherwise.
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No FURTHER news emerged from Pasadena before Christ-
mas. Our spirits slowly went up, for if Pauling had found
a really exciting answer the secret could not be kept long.
One of his graduate students must certainly know what
his model looked like, and if there were obvious biologi-
cal implications the rumor would have quickly reached
us. Even if Linus was somewhere near the right structure,
the odds seemed against his getting near the secret of
gene replication. Also, the more we thought about DNA
chemistry, the more unlikely seemed the possibility that
even Linus could pick off the structure in total ignorance
of the work at King’s.

Maurice was told that Pauling was in his pasture when
I passed through London on my way to Switzerland for a
Christmas skiing holiday. I was hoping that the urgency
created by Linus’ assault on DNA might make him ask
Francis and me for help. However, if Maurice thought
that Linus had a chance to steal the prize, he didn’t let
on. Much more important was the news that Rosy’s days
at King’s were numbered. She had told Maurice that she
wanted soon to transfer to Bernal’s lab at Birkbeck Col-
lege. Moreover, to Maurice’s surprise and relief, she
would not take the DNA problem with her. In the next
several months she was to conclude her stay by writing
up her work for publication. Then, with Rosy at last out
of his life, he would commence an all-out search for the
structure.

Upon my return to Cambridge in mid-January, I
sought out Peter to learn what was in his recent letters
from home. Except for one brief reference to DNA, all
the news was family gossip. The one pertinent item, how-
ever, was not reassuring. A manuscript on DNA had been
written, a copy of which would soon be sent to Peter.
Again there was not a hint of what the model looked like.
While waiting for the manuscript to arrive, I kept my
nerves in check by writing up my ideas on bacterial sexu-
ality. A quick visit to Cavalli in Milan, which occurred
just after my skiing holiday in Zermatt, had convinced me
that my speculations about how bacteria mated were
likely to be right. Since I was afraid that Lederberg might
soon see the same light, I was anxious to publish quickly
a joint article with Bill Hayes. But this manuscript was
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pot in final form when, in the first week of February, the
Pauling paper crossed the Atlantic.

Two copies, in fact, were dispatched to Cambridge—
one to Sir Lawrence, the other to Peter. Bragg’s response
upon receiving it was to put it aside. Not knowing that
Peter would also get a copy, he hesitated to take the
manuscript down to Max’s office. There Francis would
see it and set off on another wild-goose chase. Under the
present timetable there were only eight months more of
Francis’ laugh to bear. That is, if his thesis was finished
on schedule. Then for a year, if not more, with Crick in
exile in Brooklyn, peace and serenity would prevail.

While Sir Lawrence was pondering whether to chance
taking Crick’s mind off his thesis, Francis and I were por-
ing over the copy that Peter brought in after lunch. Pe-
ter’s face betrayed something important as he entered the
door, and my stomach sank in apprehension at learning
that all was lost. Seeing that neither Francis nor I could
bear any further suspense, he quickly told us that the
model was a three-chain helix with the sugar-phosphate
backbone in the center. This sounded so suspiciously like
our aborted effort of last year that immediately 1 won-
dered whether we might already have had the credit and
glory of a great discovery if Bragg had not held us back.
Giving Francis no chance to ask for the manuscript, I
pulled it out of Peter’s outside coat pocket and began
reading. By spending less than a minute with the sum-
mary and the introduction, I was soon at the figures
showing the locations of the essential atoms.

At once I felt something was not right. I could not pin-
point the mistake, however, until I looked at the illustra-
tions for several minutes. Then I realized that the phos-
phate groups in Linus’ model were not ionized, but that
each group contained a bound hydrogen atom and so had
no net charge. Pauling’s nucleic acid in a sense was not
an acid at all. Moreover, the uncharged phosphate groups
were not incidental features. The hydrogens were part of
the hydrogen bonds that held together the three inter-
twined chains. Without the hydrogen atoms, the chains
would immediately fly apart and the structure vanish.

Everything 1 knew about nucleic-acid chemistry indi-
cated that phosphate groups never contained bound hy-
drogen atoms. No one had ever questioned that DNA was
a moderately strong acid. Thus, under physiological con-
ditions, there would always be positively charged ions like
sodium or magnesium lying nearby to neutralize the nega-
tively charged phosphate groups. All our speculations
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about whether divalent ions held the chains together
would have made no sease if there were hydrogen atoms
firmly bound to the phosphates. Yet somehow Linus, un-
questionably the world’s most astute chemist, had come
to the opposite conclusion.

When Francis was amazed equally by Pauling’s unor-
thodox chemistry, I began to breathe slower. By then I
knew we were still in the game. Neither of us, however,
had the slightest clue to the steps that had led Linus to
his blunder. If a student had made a similar mistake, he
would be thought unfit to benefit from Cal Tech’s chemis-
try faculty. Thus, we could not but initially worry
whether Linus’ model followed from a revolutionary re-
evaluation of the acid-base properties of very large mole-
cules. The tone of the manuscript, however, argued
against any such advance in chemical theory. No reason
existed to keep secret a first-rate theoretical break-
through. Rather, if that had occurred Linus would have
written two papers, the first describing his new theory, the
second showing how it was used to solve the DNA struc-
ture.

The blooper was toc unbelievable to keep secret for
more than a few minutes. I dashed over to Roy Mark-
ham’s lab to spurt out the news and to receive further
reassurance that Linus’ chemistry was screwy. Markham
predictably expressed pleasure that a giant had forgotten
elementary college chemistry. He then could not refrain
from revealing how one of Cambridge’s great men had on
occasion also forgotten his chemistry. Next I hopped over
to the organic chemists’, where again I heard the soothing
words that DNA was an acid.

By teatime I was back in the Cavendish, where Francis
was explaining to John and Max that no further time
must be lost on this side of the Atlantic. When his mis-
take became known, Linus would not stop until he had
captured the right structure. Now our immediate hope
was that his chemical colleagues would be more than ever
awed by his intellect and not probe the details of his
model. But since the manuscript had already been dis-
patched to the Proceedings of the National Academy, by
mid-March at the latest Linus’ paper would be spread
around the world. Then it would be only a matter of days
before the error would be discovered. We had anywhere
up to six weeks before Linus again was in full-time pur-
suit of DNA.

Though Maurice had to be wamed, we did not
immediately ring him. The pace of Francis’ words might

The Double Helix -+ 95

cause Maurice to find a reason for terminating the con-
versation before all the implications of Pauling’s folly
could be hammered home. Since in several days I was to
go up to London to see Bill Hayes, the sensible course
was to bring the manuscript with me for Maurice’s and
Rosy’s inspection.

Then, as the stimulation of the last several hours had
made further work that day impossible, Francis and I
went over to the Eagle. The moment its doors opened for
the evening we were there to drink a toast to the Pauling
failure. Instead of sherry, I let Francis buy me a whiskey.
Though the odds still appeared against us, Linus had not
yet won his Nobel.

e DT -

MAURICE was busy when, just before four, I walked in
with the news that the Pauling model was far off base. So
I went down the corridor to Rosy’s lab, hoping she would
be about. Since the door was already ajar, I pushed it
open to see her bending over a lighted box upon which
lay an X-ray photograph she was measuring. Momentar-
ily startled by my entry, she quickly regained her compo-
sure and, looking straight at my face, let her eyes tell me
that uninvited guests should have the courtesy to knock.

I started to say that Maurice was busy, but before the
insult was out I asked her whether she wanted to look at
Peter’s copy of his father’s manuscript. Though I was cu-
rious how long she would take to spot the error, Rosy
was not about to play games with me. I immediately ex-
plained where Linus had gone astray. In doing so, I could
not refrain from pointing out the superficial resemblance
between Pauling’s three-chain helix and the model that
Francis and I had shown her fifteen months earlier. The
fact that Pauling’s deductions about symmetry were no
more inspired than our awkward efforts of the year be-
fore would, I thought, amuse her. The result was just the
opposite. Instead, she became increasingly annoyed with
my recurring references to helical structures. Coolly she
pointed out that not a shred of evidence permitted Linus,
or anyone else, to postulate a helical structure for DNA.
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Most of my words to her were superfluous, for she knew
that Pauling was wrong the moment I mentioned a helix.

Interrupting her harangue, I asserted that the simplest
form for any regular polymeric molecule was a helix.
Knowing that she might counter with the fact that the se-
quence of bases was unlikely to be regular, I went on
with the argument that, since DNA molecules form crys-
tals, the nucleotide order must not affect the general
structure. Rosy by then was hardly able to control her
temper, and her voice rose as she told me that the stupid-
ity of my remarks would be obvious if I would stop blub-
bering and look at her X-ray evidence.

T was more aware of her data than she realized. Sev-
eral months earlier Maurice had told me the nature of her
so-called antihelical results. Since Francis had assured me
that they were a red herring, I decided to risk a full ex-
plosion. Without further hesitation I implied that she was
incompetent in interpreting X-ray pictures. If only she
would learn some theory, she would understand how her
supposed antihelical features arose from the minor distor-
tions needed to pack regular helices into a crystalline lat-
tice.

Suddenly Rosy came from behind the lab bench that
separated us and began moving toward me. Fearing that
in her hot anger she might strike me, I grabbed up the
Pauling manuscript and hastily retreated to the open
door. My escape was blocked by Maurice, who, searching
for me, had just then stuck his head through. While Mau-
rice and Rosy looked at each other over my slouching
figure, I lamely told Maurice that the conversation be-
tween Rosy and me was over and that I had been about
to look for him in the tea room. Simultaneously I was
inching my body from between them, leaving Maurice
face to face with Rosy. Then, when Maurice failed to dis-
engage himself immediately, I feared that out of polite-
ness he would ask Rosy to join us for tea. Rosy, however,
removed Maurice from his uncertainty by turning around
and firmly shutting the door.

Walking down the passage, I told Maurice how his un-
expected appearance might have prevented Rosy from as-
saulting me. Slowly he assured me that this very well
might have happened. Some months earlier she had made
a similar lunge toward him. They had almost come to
blows following an argument in his room. When he
wanted to escape, Rosy had blocked the door and had
moved out of the way only at the last moment. But then
no third person was on hand.

An X-ray photograph of DNA in the B form, taken by Rosalind
Franklin late in 1952,
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My encounter with Rosy opened up Maurice to a de-
gree that I had not seen before. Now that I need no
longer merely imagine the emotional hell he had faced
during the past two years, he could treat me almost as a
fellow collaborator rather than as a distant acquaintance
with whom close confidences inevitably led to painful
misunderstandings. To my surprise, he revealed that with
the help of his assistant Wilson he had quietly been dupli-
cating some of Rosy’s and Gosling’s X-ray work. Thus
there need not be a large time gap before Maurice’s re-
search efforts were in full swing. Then the even more im-
portant cat was let out of the bag: since the middle of the
summer Rosy had had evidence for a new three-dimen-
sional form of DNA. It occurred when the DNA mole-
cules were surrounded by a large amount of water. When
I asked what the pattern was like, Maurice went into the
adjacent room to pick up a print of the new form they
called the “B” structure.

The instant I saw the picture my mouth fell open and
my pulse began to race. The pattern was unbelievably
simpler than those obtained previously (“A” form).
Moreover, the black cross of reflections which dominated
the picture could arise only from a helical structure. With
the A form, the argument for a helix was never straight-
forward, and considerable ambiguity existed as to exactly
which type of helical symmetry was present. With the B
form, however, mere inspection of its X-ray picture gave
several of the vital helical parameters. Conceivably, after
only a few minutes’ calculations, the number of chains in
the molecule could be fixed. Pressing Maurice for what
they had done using the B photo, I learned that his col-
league R. D. B. Fraser earlier had been doing some seri-
ous playing with three-chain models but that so far noth-
ing exciting had come up. Though Maurice conceded that
the evidence for a helix was now overwhelming-—the
Stokes-Cochran-Crick theory clearly indicated that a helix
must exist—this was not to him of major significance.
After all, he had previously thought a helix would
emerge. The real problem was the absence of any struc-
tural hypothesis which would allow them to pack the
bases regularly in the inside of the helix. Of course this
presumed that Rosy had hit it right in wanting the bases
in the center and the backbone outside. Though Maurice
told me he was now quite convinced she was correct, 1
remained skeptical, for her evidence was still out of the
reach of Francis and me.

On our way to Soho for supper I returned to the prob-
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lem of Linus, emphasizing that smiling too long over his
mistake might be fatal. The pesition would be far safer if
Pauling had been merely wrong instead of looking like a
fool. Soon, if not already, he would be at it day and
night. There was the further danger that if he put one of
his assistants to taking DNA photographs, the B structure
would also be discovered in Pasadena. Then, in a week at
most, Linus would have the structure.

Maurice refused to get excited. My repeated refrain
that DNA could fall at any moment sounded too suspi-
ciously like Francis in one of his overwrought periods.
For years Francis had been trying to tell him what was
important, but the more dispassionately he considered his
life, the more he knew he had been wise to follow up his
own hunches. As the waiter peered over his shoulder,
hoping we would finally order, Maurice made sure I under-
stood that if we could all agree where science was going,
everything would be solved and we would have no re-
course but to be engineers or doctors.

With the food on the table I tried to fix our thoughts
on the chain number, arguing that measuring the location
of the innermost reflection on the first and second layer
lines might immediately set us on the right track. But
since Maurice’s long-drawn-out reply never came to the
point, I could not decide whether he was saying that no
one at King’s had measured the pertinent reflections or
whether he wanted to eat his meal before it got cold. Re-
luctantly I ate, hoping that after coffee I might get more
details if I walked him back to his flat. Our bottle of
Chablis, however, diminished my desire for hard facts,
and as we walked out of Soho and across Oxford Street,
Maurice spoke only of his plans to get a less gloomy
apartment in a quieter area.

Afterwards, in the cold, almost unheated train com-
partment, I sketched on the blank edge of my newspaper
what I remembered of the B pattern. Then as the train
jerked toward Cambridge, I tried to decide between two-
and three-chain models. As far as I could tell, the reason
the King’s group did not like two chains was not fool-
proof. It depended upon the water content of the DNA
samples, a value they admitted might be in great error.
Thus by the time I had cycled back to college and
climbed over the back gate, I had decided to build two-
chain models. Francis would have to agree. Even though
he was a physicist, he knew that important biological ob-
jects come in pairs.
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BRAGG was in Max’s office when I rushed in the next day
to blurt out what I had learned. Francis was not yet in,
for it was a Saturday morning and he was still home in
bed glancing at the Nature that had come in the morning
mail. Quickly I started to run through the details of the B
form, making a rough sketch to show the evidence that
DNA was a helix which repeated its pattern every 34 A
along the helical axis. Bragg soon interrupted me with a
question, and I knew my argument had got across. I thus
wasted no time in bringing up the problem of Linus, giv-
ing the opinion that he was far too dangerous to be al-
lowed a second crack at DNA while the people on this
side of the Atlantic sat on their hands. After saying that I
was going to ask a Cavendish machinist to make models
of the purines and pyrimidines, I remained silent, waiting
for Bragg’s thoughts to congeal.

To my relief, Sir Lawrence not only made no objection
but encouraged me to get on with the job of building
models. He clearly was not in sympathy with the internal
squabbling at King’s—especially when it might allow
Linus, of all people, to get the thrill of discovering the
structure of still another important molecule. Also aiding
our cause was my work on tobacco mosaic virus. It had
given Bragg the impression that I was on my own. Thus
he could fall asleep that night untroubled by the night-
mare that he had given Crick carte blanche for another
foray into frenzied inconsiderateness. I then dashed down
the stairs to the machine shop to warn them that I was
about to draw up plans for models wanted within a week.

Shortly after I was back in our office, Francis strolled
in to report that their last night’s dinner party was a
smashing success. Odile was positively enchanted with the
French boy that my sister had brought along. A month
previously Elizabeth had arrived for an indefinite stay on
her way back to the States. Luckily I could both install
her in Camille Prior’s boarding house and arrange to take
my evening meals there with Pop and her foreign girls.
Thus in one blow Elizabeth had been saved from typical
English digs, while I looked forward to a lessening of my
stomach pains.

Also living at Pop’s was Bertrand Fourcade, the most
beautiful male, if not person, in Cambridge. Bertrand,
then visiting for a few months to perfect his English, was
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pot unconscious of his unusual beauty and so welcomed
the companionship of a girl whose dress was not in
shocking contrast with his well-cut clothes. As soon as I
had mentioned that we knew the handsome foreigner,
Odile expressed delight. She, like many Cambridge
women, could not take her eyes off Bertrand whenever
she spotted him walking down King’s Parade or standing
about looking very well-favored during the intermissions
of plays at the amateur dramatic club. Elizabeth was thus
given the task of seeing whether Bertrand would be free
to join us for a meal with the Cricks at Portugal Place.
The time finally arranged, however, had overlapped my
visit to London. When I was watching Maurice meticu-
lously finish all the food on his plate, Odile was admiring
Bertrand’s perfectly proportioned face as he spoke of his
problems choosing among potential social engagements
during his forthcoming summer on the Riviera.

This morning Francis saw that I did not have my usual
interest in the French moneyed gentry. Instead, for a mo-
ment he feared that I was going to be unusually tiresome.
Reporting that even a former birdwatcher could now
solve DNA was not the way to greet a friend bearing a
slight hangover. However, as soon as I revealed the B-
pattern details, he knew I was not pulling his leg. Espe-
cially important was my insistence that the meridional
reflection at 3.4 A was much stronger than any other
reflection. This could only mean that the 3.4 A-thick pu-
rine and pyrimidine bases were stacked on top of each
other in a direction perpendicular to the helical axis. In
addition we could feel sure from both electron-micro-
scope and X-ray evidence that the helix diameter was
about 20 A.

Francis, however, drew the line against accepting my
assertion that the repeated finding of twoness in biological
systems told us to build two-chain models. The way to get
on, in his opinion, was to reject any argument which did
not arise from the chemistry of nucleic-acid chains. Since
the experimental evidence known to us could not yet dis-
tinguish between two- and three-chain models, he wanted
to pay equal attention to both alternatives. Though I re-
mained totally skeptical, I saw no reason to contest his
words. I would of course start playing with two-chain
models.

No serious models were built, however, for several
days. Not only did we lack the purine and pyrimidine
components, but we had never had the shop put together
any phosphorus atoms. Since our machinist needed at
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least three days merely to turn out the more simple phos-
phorus atoms, I went back to Clare after lunch to ham-
mer out the final draft of my genetics manuscript. Later,
when I cycled over to Pop’s for dinner, I found Bertrand
and my sister talking to Peter Pauling, who the week be-
fore had charmed Pop into giving him dining rights. In
contrast to Peter, who was complaining that the Perutzes
had no right to keep Nina home on a Saturday night,
Bertrand and Elizabeth looked pleased with themselves.
They had just returned from motoring in a friend’s Rolls
to a celebrated country house near Bedford. Their host,
an antiquarian architect, had never truckled under to
modern civilization and kept his house free of gas and
electricity. In all ways possible he maintained the life of
an eighteenth-century squire, even to providing special
walking sticks for his guests as they accompanied him
around his grounds.

Dinner was hardly over before Bertrand whisked Eliza-
beth on to another party, leaving Peter and me at a loss
for something to do. After first deciding to work on his
hi-fi set, Peter came along with me to a film. This kept us
in check until, as midnight approached, Peter held forth
on how Lord Rothschild was avoiding his responsibility
as a father by not inviting him to dinner with his daughter
Sarah. I could not disagree, for if Peter moved into the
fashionable world I might have a chance to escape ac-
quiring a faculty-type wife.

Three days later the phosphorus atoms were ready,
and I quickly strung together several short sections of the
sugar-phosphate backbone. Then for a day and a half I
tried to find a suitable two-chain model with the back-
bone in the center. All the possible models compatible
with the B-form X-ray data, however, looked stereochem-
ically even more unsatisfactory than our three-chained
models of fifteen months before. So, seeing Francis ab-
sorbed by his thesis, I took off the afternoon to play ten-
nis with Bertrand. After tea I returned to point out that it
was lucky I found tennis more pleasing than model build-
ing. Francis, totally indifferent to the perfect spring day,
immediately put down his pencil to point out that not
only was DNA very important, but he could assure me
that someday I would discover the unsatisfactory nature
of outdoor games.

During dinner at Portugal Place I was back in a mood
to worry about what was wrong. Though I kept insisting
that we should keep the backbone in the center, I knew
none of my reasons held water. Finally over coffee I ad-
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mitted that my reluctance to place the bases inside par-
tially arose from the suspicion that it would be possible to
build an almost infinite number of models of this type.
Then we would have the impossible task of deciding
whether one was right. But the real stumbling block was
the bases. As long as they were outside, we did not have
to consider them. If they were pushed inside, the frightful
problem existed of how to pack together two or more
chains with irregular sequences of bases. Here Francis
had to admit that he saw not the slightest ray of light. S
when I walked up out of their basement dining room into
the street, I left Francis with the impression that he
would have to provide at least a semiplausible argument
before I would seriously play about with base-centered
models.

The next morning, however, as I took apart a particu-
larly repulsive backbone-centered molecule, I decided
that no harm could come from spending a few days build-
ing backbone-out models. This meant temporarily ignor-
ing the bases, but in any case this had to happen since
now another week was required before the shop could
hand over the flat tin plates cut in the shapes of purines
and pyrimidines.

There was no difficulty in twisting an externally situ-
ated backbone into a shape compatible with the X-ray ev-
idence. In fact, both Francis and I had the impression
that the most satisfactory angle of rotation between two
adjacent bases was between 30 and 40 degrees. In con-
trast, an angle either twice as large or twice as small
looked incompatible with the relevant bond angles. So if
the backbone was on the outside, the crystallographic re-
peat of 34 A had to represent the distance along the heli-
cal axis required for a complete rotation. At this stage
Francis® interest began to perk up, and at increasing fre-
quencies he would look up from his calculations to glance
at the model. Nonetheless, neither of us had any hesita-
tion in breaking off work for the weekend. There was a
party at Trinity on Saturday night, and on Sunday Mau-
rice was coming up to the Cricks’ for a social visit ar-
ranged weeks before the arrival of the Pauling manu-
script.

l\liaurice, however, was not allowed to forget DNA. Al-
most as soon as he arrived from the station, Francis
started to probe him for fuller details of the B pattern.
But by the end of lunch Francis knew no more than I had
picked up the week before. Even the presence o‘f Peter,
saying he felt sure his father would soon spring into ac-
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tion, failed to ruffie Maurice’s plans. Again he empha-
sized that he wanted to put off more model building unti]
Rosy was gone, six weeks from then. Francis seized the
occasion to ask Maurice whether he would mind if we
started to play about with DNA models. When Maurice’s
slow answer emerged as no, he wouldn’t mind, my pulse
rate returned to normal. For even if the answer had been
yes, our model building would have gone ahead.

s D5

THE next few days saw Francis becoming increasingly ag-
itated by my failure to stick close to the molecular mod-
els. It did not matter that before his tenish entrance I was
usually in the lab. Almost every afternoon, knowing that
I was on the tennis court, he would fretfully twist his
head away from his work te see the polynucleotide back-
bone unattended. Moreover, after tea I would show up
for only a few minutes of minor fiddling before dashing
away to have sherry with the girls at Pop’s. Francis’
grumbles did not disturb me, however, because further re-
fining of our latest backbecne without a solution to the
bases would not represent a real step forward.

I went ahead spending most evenings at the films,
vaguely dreaming that any moment the answer would
suddenly hit me. Occasionally my wild pursuit of the cel-
luloid backfired, the worst occasion being an evening set
aside for Ecstasy. Peter and I had both been too young to
observe the original showings of Hedy Lamarr’s romps in
the nude, and so on the long-awaited night we collected
Elizabeth and went up to the Rex. However, the only
swimiming scene left intact by the English censor was an
inverted reflection from a pool of water. Before the film
was half over we joined the violent booing of the dis-
gusted undergraduates as the dubbed voices uttered
words of uncontrolled passion.

Even during good films I found it almost impossible to
forget the bases. The fact that we had at last produced a
stereochemically reasonable configuration for the back-
bone was always in the back of my head. Moreover, there
was no longer any fear that it would be incompatible with
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the experimental data. By then it had been checked out
with Rosy’s precise measurements. Rosy, of course, did
not directly give us her data. For that matter, no one at
King’s realized they were in our hands. We came upon
them because of Max’s membership on a committee ap-
pointed by the Medical Research Council to look intc the
research activities of Randall’s lab to coordinate Biophysics
research within its laboratories. Since Randall wished to
convince the outside committee that he had a productive
research group, he had instructed his people to draw up a

. comprehensive summary of their accomplishments. In due

time this was prepared in mimeograph form and sent rou-
tinely to all the committee members. The report was not
confidential and soc Max saw no reason not to give it to
Francis and me. Quickly scanning its contents, Francis
sensed with relief that following my return from King’s I
had correctly reported to him the essential features of the
B pattern. Thus only minor modifications were necessary
in our backbone configuration.

Generally, it was late in the evening after I got back
to my rooms that I tried to puzzle out the mystery of the
bases. Their formulas were written out in J. N. Davidson’s
little book The Biochemistry of Nucleic Acids, a copy of
which I kept in Clare. So I could be sure that I had the cor-
rect structures when I drew tiny pictures of the bases on
sheets of Cavendish notepaper. My aim was somehow to
arrange the centrally located bases in such a way that the
backbones on the outside were completely regular—that is,
giving the sugar-phosphate groups of each nucleotide iden-
tical three-dimensional configurations. But each time I tried
to come up with a solution I ran into the obstacle that the
four bases each had a quite different shape. Moreover,
there were many reasons to believe that the sequences of
the bases of a given polynucleotide chain were very irregu-
lar. Thus, unless some very special trick existed, randomly
twisting two polynucleotide chains around one another
should result in a mess. In some places the bigger bases
must touch each other, while in other regions, where the
smaller bases would lie opposite each other, there must
exist a gap or else their backbone regions must buckle in.

There was also the vexing problem of how the inter-
twined chains might be held together by hydrogen bonds
between the bases. Though for over a year Francis and I
had dismissed the possibility that bases formed regular
hydrogen bonds, it was now obvious to me that we had
done so incorrectly. The observation that one or more hy-
drogen atoms on each of the bases could move from one
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location to another (a tautomeric shift) had initially led
us to conclude that all the possible tautomeric forms of a
given base occurred in equal frequencies. But a recent re-
reading of J. M. Gulland’s and D. O. Jordan’s papers on
the acid and base titrations of DNA made me finally ap-
preciate the strength of their conclusion that a large frac-
tion, if not all, of the bases formed hydrogen bonds to
other bases. Even more important, these hydrogen bonds
were present at very low DNA concentrations, strongly
hinting that the bonds linked together bases in the same
molecule. There was in addition the X-ray crystallograph-
ic result that each pure base so far examined formed as
many irregular hydrogen bonds as stereochemically possi-
ble. Thus, conceivably the crux of the matter was a rule
governing hydrogen bonding between bases.

My doodling of the bases on paper at first got nowhere,
regardless of whether or not I had been to a film. Even
the necessity to expunge Ecstasy from my mind did not
lead to passable hydrogen bonds, and I fell asleep hoping
that an undergraduate party the next afternoon at Down-
ing would be full of pretty girls. But my expectations
were dashed as soon as I arrived to spot a group of
healthy hockey players and several pallid debutantes.
Bertrand also instantly perceived he was out of place, and
as we passed a polite interval before scooting out, I ex-
plained how I was racing Peter’s father for the Nobel
Prize.

Not until the middle of the next week, however, did a
nontrivial idea emerge. It came while I was drawing the
fused rings of adenine on paper. Suddenly I realized the
potentially profound implications of a DNA structure in
which the adenine residue formed hydrogen bonds similar
to those found in crystals of pure adenine. If DNA was
like this, each adenine residue would form two hydrogen
bonds to an adenine residue related to it by a 180-degree
rotation. Most important, two symmetrical hydrogen
bonds could also hold together pairs of guanine, cytosine,
or thymine. I thus started wondering whether each DNA
molecule consisted of two chains with identical base se-
quences held together by hydrogen bonds between pairs
of identical bases. There was the complication, however,
that such a structure could not have a regular backbone,
since the purines (adenine and guanine) and the pyrimi-
dines (thymine and cytosine) have different shapes. The
resulting backbone would have to show minor in-and-out
buckles depending upon whether pairs of purines or pyrim-
idines were in the center.

A schematic view of a DNA molecule built up from like-
with-like base pairs.
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Despite the messy backbone, my pulse began to race.
If this was DNA, I should create a bombshell by an-
nouncing its discovery. The existence of two intertwined
chains with identical base sequences could not be a
chance matter. Instead it would strongly suggest that one
chain in each molecule had at some earlier stage served
as the template for the synthesis of the other chain.
Under this scheme, gene replication starts with the sepa-
ration of its two identical chains. Then two new daughter
strands are made on the two parental templates, thereby
forming two DNA molecules identical to the original
molecule. Thus, the essential trick of genme replication
could come from the requirement that each base in the
newly synthesized chain always hydrogen-bonds to an
identical base. That night, however, I could not see why
the common tautomeric form of guanine would not hy-
drogen-bond to adenine. Likewise, several other pairing
mistakes should also occur. But since there was no reason
to rule out the participation of specific enzymes, I saw no
need to be unduly disturbed. For example, there might
exist an enzyme specific for adenine that caused adenine
always to be inserted opposite an adenine residue on the
template strands.

As the clock went past midnight I was becoming more
and more pleased. There had been far too many days
when Francis and I worried that the DNA structure
might turn out to be superficially very dull, suggesting
nothing about either its replication or its function in con-
trolling cell biochemistry. But now, to my delight and
amazement, the answer was turning out to be profoundly
interesting. For over two hours I happily lay awake with
pairs of adenine residues whirling in front of my closed
eyes. Only for brief moments did the fear shoot through
me that an idea this good could be wrong.

sugar

cytosine with cytosine

thymine with thymine

guanine with guanine

The four base pairs used to construct the like-with-like structure
(hydrogen bonds are dotted).
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My scheme was torn to shreds by the following noon.
Against me was the awkward chemical fact that I had
chosen the wrong tautomeric forms of guanine and thy-
mine. Before the disturbing truth came out, I had eaten a
hurried breakfast at the Whim, then momentarily gone
back to Clare to reply to a letter from Max Delbriick
which reported that my manuscript on bacterial genetics
looked unsound to the Cal Tech geneticists. Nevertheless,
he would accede to my request that he send it to the Pro-
ceedings of the National Acadeny. In this way, I would
still be young when I committed the folly of publishing a
silly idea. Then I could sober up before my career was
permanently fixed on a reckless course.

At first this message had its desired unsettling effect.
But now, with my spirits soaring on the possibility that I
had the self-duplicating structure, I reiterated my faith
that I knew what happened when bacteria mated. More-
over, I could not refrain from adding a sentence saying
that I had just devised a beautiful DNA structure which
was completely different from Pauling’s. For a few sec-
onds I considered giving some details of what I was up
to, but since I was in a rush I decided not to, quickly
dropped the letter in the box, and dashed off to the lab.

The letter was not in the post for more than an hour
before I knew that my claim was nonsense. I no sooner
got to the office and began explaining my scheme than
the American crystallographer Jerry Donohue protested
that the idea would not work. The tautomeric forms I had
copied out of Davidson’s book were, in Jerry’s opinion,
incorrectly assigned. My immediate retort that several
other texts also pictured guanine and thymine in the enol
form cut no ice with Jerry. Happily he let out that for
years organic chemists had been arbitrarily favoring par-
ticular tautomeric forms over their alternatives on only
the flimsiest of grounds. In fact, organic-chemistry text-
books were littered with pictures of highly improbable tau-
tomeric forms. The guanine picture I was thrusting toward
his face was almost certainly bogus. All his chemical in-
tuition told him that it would occur in the keto form. He
was just as sure that thymine was also wrongly assigned
an enol configuration. Again he strongly favored the keto
alternative.

Jerry, however, did not give a foolproof reason for pre-
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thymine

sugar
guanine

Thq com.rasting tautomeric forms of guanine and thymine
which might occur in DNA. The hydrogen atoms that can
undergo the changes in position (a tautomeric shift) are shaded.
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ferring the keto forms. He admitted that only one crystal
structure bore on the problem. This was diketopipera-
zine, whose three-dimensional configuration had been
carefully worked out in Pauling’s lab several years before.
Here there was no doubt that the keto form, not the enol,
was present. Moreover, he felt sure that the quantum-me-
chanical arguments which showed why diketopiperazine
has the keto form should alsc hold for guanine and thy-
mine. I was thus firmly urged not to waste more time
with my harebrained scheme.

Though my immediate reaction was to hope that Jerry
was blowing hot air, I did not dismiss his criticism. Next
to Linus himself, Jerry knew more about hydrogen bonds
than anyone else in the world. Since for many years he
had worked at Cal Tech on the crystal structures of small
organic molecules, I couldn’t kid myself that he did not
grasp our problem. During the six months that he occu-
pied a desk in our office, I had never heard him shooting
off his mouth on subjects about which he knew nothing.

Thoroughly worried, I went back to my desk hoping
that some gimmick might emerge to salvage the like-
with-like idea. But it was obvious that the new assign-
sments were its death blow. Shifting the hydrogen atoms to
their keto locations made the size differences between the
purines and pyrimidines even more important than would
be the case if the enol forms existed. Only by the most
special pleading could I imagine the polynucleotide back-
bone bending enough to accommodate irregular base se-
quences. Even this possibility vanished when Francis
came in. He immediately realized that a like-with-like
structure would give a 34 A crystallographic repeat only if
each chain had a complete rotation every 68 A. But this
would mean that the rotation angle between successive
bases would be only 18 degrees, a value Francis believed
was absolutely ruled out by his recent fiddling with the
models. Also Francis did not like the fact that the struc-
ture gave no explanation for the Chargaff rules (adenine
equals thymine, guanine equals cytosine). I, however,
maintained my lukewarm response to Chargaff’s data. So I
welcomed the arrival of lunchtime, when Francis’ cheer-
ful prattle temporarily shifted my thoughts to why under-
graduates could not satisfy au pair girls,

After lunch I was not anxious to return to work, for I
was afraid that in trying to fit the keto forms into some
new scheme I would run into a stone wall and have to
face the fact that no regular hydrogen-bonding scheme
was compatible with the X-ray evidence. As long as I re-

adenine

guanine cytosine

The adenine-thymine and guanine-cytosine base pairs used to

construct the double helix (hydrogen bonds are datte.d). The

formation of a third hydrogen bond between guanine an‘d

cytosine was considered, but rejected because a crystallograp}uf:

study of guanine hinted that it would be very weak. Now this

conjecture is known to be wrong. Three strong hydrogen bonds
can be drawn between guanine and cytosine.
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mained outside gazing at the crocuses, hope could be
maintained that some pretty base arrangement would fall
out. Fortunately, when we walked upstairs, I found that I
had an excuse to put off the crucial model-building step
for at least several more hours. The metal purine and
pyrimidine models, needed for systematically checking all
the conceivable hydrogen-bonding possibilities, had not
been finished on time. At least two more days were
needed before they would be in our hands. This was
much too long even for me to remain in limbo, so I spent
the rest of the afternoon cutting accurate representations
of the bases out of stiff cardboard. But by the time they
were ready I realized that the answer must be put off till
the next day. After dinner I was to join a group from
Pop’s at the theater.

When I got to our still empty office the following
morning, I quickly cleared away the papers from my desk
top so that I would have a large, flat surface on which to
form pairs of bases held together by hydrogen bonds.
Though I initially went back to my like-with-like preju-
dices, I saw all too well that they led nowhere. When
Jerry came in I looked up, saw that it was not Francis,
and began shifting the bases in and out of various other
pairing possibilities. Suddenly I became aware that an
adenine-thymine pair held together by two hydrogen
bonds was identical in shape to a guanine-cytosine pair
held together by at least two hydrogen bonds. All the hy-
drogen bonds seemed to form naturally; no fudging was
required to make the two types of base pairs identical in
shape. Quickly I called Jerry over to ask him whether this
time he had any objection to my new base pairs.

When he said no, my morale skyrocketed, for I sus-
pected that we now had the answer to the riddle of why
the number of purine residues exactly equaled the num-
ber of pyrimidine residues. Two irregular sequences of
bases could be regularly packed in the center of a helix if
a purine always hydrogen-bonded to a pyrimidine. Fur-
thermore, the hydrogen-bonding requirement meant that
adenine would always pair with thymine, while guanine
could pair only with cytosine. Chargaff’s rules then sud-
denly stood out as a consequence of a double-helical
structure for DNA. Even more exciting, this type of dou-
ble helix suggested a replication scheme much more satis-
factory than my briefly considered like-with-like pairing.
Always pairing adenine with thymine and guanine with
cytosine meant that the base sequences of the two inter-
twined chains were complementary to each other. Given
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the base sequence of one chain, that of'its partner was
automatically determined. Conceptually, it was thus very
easy to visualize how a single chain could be the template
for the synthesis of a chain with the complementary se-
quence.

Upon his arrival Francis did not get more than halfway
through the door before I let loose that the answer to ev-
erything was in our hands. Though as a matter of princi-
ple he maintained skepticism for a few moments, the sim-
ilarly shaped A-T and G-C pairs had their qxpected im-
pact. His quickly pushing the bases together in 2 number
of different ways did not reveal any other way to satisfy
Chargaff’s rules. A few minutes later he spotted the fact
that the two glycosidic bonds (joining base and sqgar) qf
each base pair were systematically related by a c.had axis
perpendicular to the helical axis. Thug, both pairs could
be flipflopped over and still have their glycosidic bonds
facing in the same direction. This had thsa important
consequence that a given chain could contain both pu-
rines and pyrimidines. At the same time, it strongly sug-
gested that the backbones of the two chains must run in
opposite directions.

p%%e question then became whether the A-T and G-C
base pairs would easily fit the backbone configuration de-
vised during the previous two weeks. At first glance this
looked like a good bet, since I had left free in the center
a large vacant area for the bases. However, we both knew
that we would not be home until a complete model was
built in which ali the stereochemical contacts were satis-
factory. There was alsc the obvious fact that thé} unphf:a—
tions of its existence were far too impertant to risk crying
wolf. Thus I felt slightly queasy when at lunch Francis
winged into the Eagle to tell everyone within hearing dis-
tance that we had found the secret of life.
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FraNcis’ preoccupation with DNA quickly became full-
time. The first afternoon following the discovery that A-T
and G-C base pairs had similar shapes, he went back to
his thesis measurements, but his effort was ineffectual.
Constantly he would pop up from his chair, worriedly
lgok at the cardboard models, fiddle with other combina-
tions, and then, the period of momentary uncertainty
over, look satisfied and tell me how important our work
was. I enjoyed Francis’ words, even though they lacked
the casual sense of understatement known to be the cor-
rect way to behave in Cambridge. It seemed almost unbe-
lievable that the DNA structure was solved, that the
answer was incredibly exciting, and that cur names would
be associated with the double helix as Pauling’s was with
the alpha helix.

When the Eagle opened at six, I went over with Fran-
cis to talk about what must be done in the next few days.
Francis wanted no time lost in seeing whether a satisfac-
tory three-dimensional model could be built, since the ge-
neticists and nucleic-acid biochemists should not misuse
their time and facilities any longer than necessary. They
must be told the answer quickly, so that they could re-
orient their research upon our work. Though I was equally
anxious to build the complete model, I thought more
about Linus and the possibility that he might stumble
upon the base pairs before we told him the answer.

That night, however, we could not firmly establish the
double helix. Until the metal bases were on hand, any
model building would be too sloppy to be convincing. I
went back to Pop’s to tell Elizabeth and Bertrand that
Francis and I had probably beaten Pauling to the gate
and that the answer would revolutionize biology. Both
were genuinely pleased, Elizabeth with sisterly pride, Ber-
trand with the idea that he could report back to Interna-
tional Society that he had a friend who would win a
Nobel Prize. Peter’s reaction was equally enthusiastic and
gave no indication that he minded the possibility of his
father’s first real scientific defeat.

The following moming I felt marvelously alive when I
awoke. On my way to the Whim I slowly walked toward
the Clare Bridge, staring up at the gothic pinnacles of the
King’s College Chapel that stood out sharply against the
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spring sky. I briefly stopped and looked over at the per-
fect Georgian features of the recently cleaned Gibbs
Building, thinking that much of our success was due to
the long uneventful periods when we walked among the
colleges or unobtrusively read the new books that came
into Heffer’'s Bookstore. After contentedly poring over
The Times, 1 wandered into the lab to see Francis, un-
questionably early, flipping the cardboard base pairs
about an imaginary line. As far as a compass and ruler
could tell him, both sets of base pairs neatly fitted into
the backbone configuration. As the morning wore on,
Max and John successively came by to see if we still
thought we had it. Each got a quick, concise lecture from
Francis, during the second of which I wandered down to
see if the shop could be speeded up to produce the pu-
rines and pyrimidines later that afternoon.

Only a little encouragement was needed to get the final
soldering accomplished in the next couple of hours. The
brightly shining metal plates were then immediately used
to make a model in which for the first time all the DNA
components were present. In about an hour I had ar-
ranged the atoms in positions which satisfied both the X-
ray data and the laws of stereochemistry. The resulting
helix was right-handed with the two chains running in op-
posite directions. Only one person can easily play with a
model, and so Francis did not try to check my work until
I backed away and said that I thought everything fitted.
While one interatomic contact was slightly shorter than
optimal, it was not out of line with several published
values, and I was not disturbed. Another fifteen minutes’
fiddling by Francis failed to find anything wrong, though
for brief intervals my stomach felt uneasy when I saw
him frowning. In each case he became satisfied and
moved on to verify that another interatomic contact was
reasonable. Everything thus looked very good when we
went back to have supper with Odile.

Our dinner words fixed on how to let the big news out.
Maurice, especially, must soon be told. But remembering
the fiasco of sixteen months before, keeping King’s in the
dark made sense until exact coordinates had been ob-
tained for all the atoms. It was all too easy to fudge a
successful series of atomic contacts so that, while each
looked almost acceptable, the whole collection was ener-
getically impossible. We suspected that we had not made
this error, but our judgment conceivably might be biased
by the biological advantages of complementary DNA
molecules. Thus the next several days were to be spent



118 -+ The Double Helix

using a plumb line and a measuring stick to obtain the
relative positions of all atoms in a single nucleotide. Be-
cause of the helical symmetry, the locations of the atoms
in one nucleotide would automatically generate the other
positions.

After coffee Odile wanted to know whether they would
still have to go intc exile in Brooklyn if our work was as
sensational as everyone told her. Perhaps we should stay
on in Cambridge to solve other problems of equal impor-
tance. I tried to reassure her, emphasizing that not all
American men cut all their hair off and that there were
scores of American women who did not wear short white
socks on the streets. I had less success arguing that the
States’ greatest virtue was its wide-open spaces where
people never went. Odile looked in horror at the prospect
of being long without fashionably dressed people. More-
over, she could not believe that I was serious, since I had
just had a tailor cut a tightly fitting blazer, unconnected
with the sacks that Americans draped on their shouiders.

The next morning I again found that Francis had
beaten me to the lab. He was already at work tightening
the model on its support stands so that he could read off
the atomic coordinates. While he moved the atoms back
and forth, I sat on the top of my desk thinking about the
form of the letters that I soon could write, saying that we
had found something interesting. Occasionally, Francis
would look disgusted when my daydreams kept me from
observing that he needed my help to keep the model from
collapsing as he rearranged the supporting ring stands.

By then we knew that all my previous fuss about the
importance of Mg** ions was misdirected. Most likely
Maurice and Rosy were right in insisting that they were
looking at the Na* salt of DNA. But with the sugar-phos-
phate backbone on the outside, it did not matter which
salt was present. Either would fit perfectly well into the
double helix.

Bragg had his first look late that morning. For several
days he had been home with the flu and was in bed when
he heard that Crick and I had thought up an ingenious
DNA structure which might be important to biology.
During his first free moment back in the Cavendish he
slipped away from his office for a direct view. Immedi-
ately he caught on to the complementary relation between
the two chains and saw how an equivalence of adenine
with thymine and guanine with cytosine was a logical
consequence of the regular repeating shape of the sugar-
phosphate backbone. As he was not aware of Chargaff’s
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A schematic illustration of the double helix. The two sugar-

phosphate backbones twist about on the outside with the flat

hydrogen-bonded base pairs forming the core. Seen this way,

the structure resembles a spiral staircase with the base pairs
forming the steps.
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rules, I went over the experimental evidence on the rela-
tive proportions of the various bases, ncticing that he was
becoming increasingly excited by its potential implications
for gene replication. When the question of the X-ray evi-
dence came up, he saw why we had not yet called up the
King’s group. He was bothered, however, that we had not
yet asked Todd’s opinion. Telling Bragg that we had got
the organic chemistry straight did not put him completely
at case. The chance that we were using the wrong chemi-
cal formula admittedly was small, but, since Crick talked
so fast, Bragg could never be sure that he would ever
slow down long enough to get the right facts. So it was
arranged that as soon as we had a set of atomic coordi-
nates, we would have Todd come over.

The final refinements of the coordinates were finished
the following evening. Lacking the exact X-ray evidence,
we were not confident that the configuration chosen was
precisely correct. But this did not bother us, for we only
wished to establish that at least one specific twe-chain
complementary helix was stereochemically possible. Until
this was clear, the objection could be raised that, al-
though our idea was aesthetically elegant, the shape of
the sugar-phosphate backbone mieht not nermit its exist-
ence. Happily, now we knew that this was not true, and
so we had lunch, telling each other that a structure this
pretty just had to exist.

With the tension now off, I went to play tennis with
Bertrand, telling Francis that later in the afternoon I
would write Luria and Delbriick about the double helix.
It was so arranged that John Kendrew would call up
Maurice to say that he should come out to see what Fran-
cis and I had just devised. Neither Francis nor I wanted
the task. Earlier in the day the post had brought a note
from Maurice to Francis, mentioning that he was now
about to go full steam ahead on DNA and intended to
place emphasis on model building.
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The original demonstration model of the double helix (the scale
gives distances in Angstroms).
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MAURICE needed but a minute’s look at the model to like
it. He had been forewarned by John that it was a two-
chain affair, held together by the A-T and G-C base
pairs, and so immediately upon entering our office he
studied its detailed features. That it had two, not three,
chains did not bother him since he kmew the evidence
never seemed clear-cut. While Maurice silently stared at
the metal object, Francis stood by, sometimes talking
very fast about what sort of X-ray diagram the structure
should produce, then becoming strangely noiseless when
he perceived that Maurice’s wish was to look at the dou-
ble helix, not to receive a lecture in crystallographic
theory which he could work out by himself. There was no
questioning of the decision to put guanine and thymine in
the keto form. Doing otherwise would destroy the base
pairs, and he accepted Jerry Donohue’s spoken argument
as if it were a commonplace.

The unforeseen dividend of having Jerry share an of-
fice with Francis, Peter, and me, though obvious to all,
was not spoken about. If he had not been with us in
Cambridge, I might still have been pumping for a like-
with-like structure. Maurice, in a lab devoid of structural
chemists, did not have anyone about to tell him that all
the textbook pictures were wrong. But for Jerry, only
Pauling would have been likely to make the right choice
and stick by its consequences.

The next scientific step was to compare seriously the
experimental X-ray data with the diffraction pattern pre-
dicted by our model. Maurice went back to London, say-
ing that he would soon measure the critical reflections.
There was not a hint of bitterness in his voice, and I felt
quite relieved. Until the visit I had remained apprehen-
sive that he would look gloomy, being unhappy that we
had seized part of the glory that should have gone
in full to him and his younger colleagues. But there was no
trace of resentment on his face, and in his subdued way he
was thoroughly excited that the structure would prove of
great benefit to biology.

He was back in London only two days before he rang
up to say that both he and Rosy found that their X-ray
data strongly supported the double helix. They were
quickly writing up their results and wanted to publish si-
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The manner envisaged for DNA replicatiqn, given the com-
plementary nature of the base sequences in the two chains.
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multaneously with our announcement of the base pairs.
Nature was a place for rapid publication, since if both
Bragg and Randall strongly supported the manuscripts
they might be published within a month of their receipt.
However, there would not be only one paper from King’s.
Rosy and Gosling would report their results separately
from Maurice and his collaborators.

Rosy’s instant acceptance of our model at first amazed
me. I had feared that her sharp, stubborn mind, caught in
her self-made antihelical trap, might dig up irrelevant re-
sults that would foster uncertainty about the correctness
of the double helix. Nonetheless, like almost everyone
else, she saw the appeal of the base pairs and accepted
the fact that the structure was tco pretty not to be true.
Moreover, even before she learned of our proposal, the
X-ray evidence had been forcing her more than she cared
to admit toward a helical structure. The positioning of the
backbone on the outside of the molecule was demanded
by her evidence and, given the necessity to hydrogen-
bond the bases together, the uniqueness of the A-T and
G-C pairs was a fact she saw no reason to argue about.

At the same time, her fierce annoyance with Francis
and me collapsed. Initially we were hesitant to discuss the
double helix with her, fearing the testiness of our previous
encounters. But Francis noticed her changed attitude
when he was in London to talk with Maurice about de-
tails of the X-ray pictures. Thinking that Rosy wanted
nothing tc do with him, he spoke largely to Maurice, until
he slowly perceived that Rosy wanted his crystallographic
advice and was prepared to exchange unconcealed hostil-
ity for conversation between equals. With obvious plea-
sure Rosy showed Francis her data, and for the first time
he was able to see how foolproof was her assertion that
the sugar-phosphate backbone was on the outside of the
molecule. Her past uncompromising statements on this
matter thus reflected first-rate science, not the outpour-
ings of a misguided feminist.

Obviously affecting Rosy’s transformation was her
appreciation that our past hooting about model building
represented a serious approach to science, not the easy
resort of slackers who wanted tc avoid the hard work ne-
cessitated by an honest scientific career. It also became ap-
parent to us that Rosy’s difficuities with Maurice and
Randall were connected with her understandable need for
being equal to the people she worked with. Soon after her
entry into the King’s lab, she had rebelled against its hier-

Watson and Crick in front of the DNA model.
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archical character, taking offense because her first-rate
crystallographic ability was not given formal recognition.

Two letters from Pasadena that week brought the news
that Pauling was still way off base. The first came from
Delbriick, saying that Linus had just given a seminar dur-
ing which he described a modification of his DNA struc-
ture. Most uncharacteristically, the manuscript he had
sent to Cambridge had been published before his collabo-
rator, R. B, Corey, could accurately measure the intera-
tomic distances. When this was finally done, they found
several unacceptable contacts that could not be overcome
by minor jiggling. Pauling’s model was thus also impossi-
ble on straightforward stereochemical grounds. He hoped,
however, to save the situation by a modification suggested
by his colleague Verner Schomaker. In the revised form
the phosphate atoms were twisted 45 degrees, thereby al-
lowing a different group of oxygen atoms to form a hy-
drogen bond. After Linus’ taik, Delbriick told Schomaker
he was not convinced that Linus was right, for he had
just received my note saying that I had a new idea for the
DNA structure.

Delbriick’s comments were passed on immediately to
Pauling, who quickly wrote off a letter to me. The first
part betrayed nervousness—it did not come to the point,
but conveyed an invitation to participate in a meeting on
proteins to which he had decided to add a section on nu-
cleic acids. Then he came out and asked for the details of
the beautiful new structure I had written Delbriick about.
Reading his letter, I drew a deep breath, for I realized
that Delbriick did not know of the complementary double
helix at the time of Linus’ talk. Instead, he was referring
to the like-with-like idea. Fortunately, by the time my let-
ter reached Cal Tech the base pairs had fallen out. If they
had not, T would have been in the dreadful position of
having to inform Delbriick and Pauling that I had impet-
uously written of an idea which was only twelve hours old
and lived only twenty-four before it was dead.

Todd made his official visit late in the week, coming
over from the chemical laboratory with several younger
colleagues. Francis’ quick verbal tour through the struc-
ture and its implications lost none of its zest for having
been given several times each day for the past week. The
pitch of his excitement was rising each day, and gener-
ally, whenever Jerry or I heard the voice of Francis shep-
herding in some new faces, we left our office until the
new converts were let out and some traces of orderly
work could resume. Todd was a different matter, for I
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wanted to hear him tell Bragg that we had correctly fol-
lowed his advice on the chemistiy of the sugar-phosphate
backbone. Todd also went along with the keto configura-
tions, saying that his organic-chemist friends had drawn
enol groups for purely arbitrary reasons. Then he went
off, after congratulating me and Francis for our excellent
chemical work.

Soon I left Cambridge to spend a week in Paris. A trip
to Paris to be with Boris and Harriet Ephrussi had been
arranged some weeks earlier. Since the main part of our
work seemed finished, I saw no reason to postpone a visit
which now had the bonus of letting me be the first to tell
Ephrussi’s and Lwoff’s iabs about the double helix. Fran-
cis, however, was not happy, teiling me that a week was
far too long to abandon work of such extreme signifi-
cance. A call for seriousness, however, was not to my lik-
ing—especially when John had just shown Francis and
me a letter from Chargaff in which we were mentioned. A
postscript asked for information on what his scientific
clowns were up to.

e 09 e

PAULING first heard about the double helix from
Delbriick. At the bottom of the letter that broke the news
of the complementary chains, I had asked that he not tell
Linus. I was still slightly afraid something would go
wrong and did not want Pauling to think about hydro-
gen-bonded base pairs until we had a few more days to
digest our position. My request, however, was ignored.
Delbriick wazted to tell evervone in his lab and knew that
within hours the gossip would travel from his lab in biol-
ogy to their friends working under Linus. Also, Pauling
had made him promise to let him know the minute he
heard from me. Then there was the even more important
consideration that Delbriick hated any form of secrecy in
scientific matters and did not want to keep Pauling in sus-
pense any longer.

Pauling’s reaction was one of genuine thrill, as was
Delbriick’s. In almost any other situation Pauling would
have fought for the good points of his idea. The over-
whelming biological merits of a self-complementary DNA
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molecule made him effectively concede the race. He did
want, however, to see the evidence from Xing’s before he
considered the matter a closed book. This he hoped
would be possible three weeks hence, when he would
come to Brussels for a Solvay meeting on proteins in the
second week of April.

That Pauling was in the know came out in a let-
ter from Delbriick, arriving just after I returned from
Paris on March 18. By then we didn’t mind, for the evi-
dence favoring the base pairs was steadily mounting. A
key piece of information was picked up at the Institut
Pasteur. There 1 ran into Gerry Wyatt, a Canadian biochem-
ist who knew much about the base ratios of DNA. He
had just analyzed the DHNA from the T2, T4, and T6
group of phages. For the past two years this DNA was
said to have the strange property of lacking cytosine, a
feature obviously impossible for our model. But Wyatt
now said that he, together .with Seymour Cohen and Al
Hershey, had evidence that these phages contained a
modiiied type of cytosine called 5-hydroxy-methyl cyto-
sine. Most important, its amount equaled the amount of
guanine. This beautifully supported the double helix,
since S-hydroxy-methyl cytosine should hydrogen-bond
like cytosine. Alsc pleasing was the great accuracy of the
data, which illustrated better than any previous analytical
work the equality of adenine and thymine and guanine
with cytosine.

While I was away Francis had taken up the structure
of the DNA molecule in the A form. Previous work in
Maurice’s lab had shown that crystalline A-form DNA
fibers increase in length when they take up water and go
over intc the B form. Francis guessed that the more com-
pact A form was achieved by tilting the base pairs,
thereby decreasing the translational distance of a base
pair along the fiber axis to about 2.6 A. He thus set
about building a model with tilted bases. Though this
proved more difficult to fit together than the more open B
structure, a satisfactory A model awaited me upon my re-
turn.

In the next week the first drafts of our Nature paper
got handed out and two were sent down to London for
comments from Maurice and Rosy. They had no real ob-
jections except for wanting us toc mention that Fraser in
their lab had considered hydrogen-bonded bases prior to
our work., His schemes, until then unknown to us in de-
tail, always dealt with groups of three bases, hydrogen-
bonded in the middie, many of which we now knew to be
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in the wrong tautomeric forms. Thus his idea did not
seem worth resurrecting only to be quickly buried. How-
ever, when Maurice sounded upset at our objection, we
added the necessary reference. Both Rosy’s and Maurice’s
papers covered roughly the same ground and in each case
interprsted their results in terms of the base pairs. For a
while Francis wanted to expand our note to write at
length about the bioclogical implications. But finally he
saw the point to a short remark and composed the sen-
tence: “It has not escaped our notice that the specific
pairing we have postulated immediately suggests a possi-
ble copying mechanism for the genetic material.”

Sir Lawrence was shown the paper in its nearly final
form. After suggesting a minor stylistic alteration, he en-
thusiastically expressed his willingness to post it to Nature
with a strong covering letter. The solution to the structure
was bringing genuine happiness to Bragg. That the result
came out of the Cavendish and not Pasadena was ob-
viously a factor. More important was the unexpectedly
marvelous nature of the answer, and the fact that the X-
ray method he had developed forty years before was at
the heart of a profound insight into the nature of life it-
self.

The final version was ready to be typed on the last
weekend of March. Our Cavendish typist was not on
hand, and the brief job was given to my sister. There was
no problem persuading her to spend a Saturday afternoon
this way, for we told her that she was participating in per-
haps the most famous event in biology since Darwin’s
book. Francis and I stood over her as she typed the
nine-hundred-word article that began, “We wish to sug-
gest a structure for the salt of deoxyribose nucleic acid
(DNA). This structure has novel features which are of
considerable biological interest.” On Tuesday the manu-
script was sent up to Bragg’s office and on Wednesday,
April 2, went off to the editors of Nature.

Linus arrived in Cambridge on Friday night. On his
way to Brussels for the Solvay meeting, he stopped off
both to see Peter and to look at the model. Unthinkingly
Peter arranged for him to stay at Pop’s. Soon we found
that he would have preferred a hotel. The presence of for-
eign girls at breakfast did not compensate for the lack of
hot water in his room. Saturday morning Peter brought
him into the office, where, after greeting Jerry with Cal
Tech news, he set about examining the model. Though he
still wanted to see the quantitative measurements of the
King’s lab, we supported our argument by showing him a
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copy of Rosy’s original B photograph. All the right cards
were in our hands and so, gracefully, he gave his opinion
that we had the answer.

Bragg then came in to get Linus so that he could take
him and Peter to his house for lunch. That night both
Paulings, together with Elizabeth and me, had dinner
with the Cricks at Portugal Place. Francis, perhaps be-
cause of Linus’ presence, was mildly muted and let Linus
be charming to my sister and Odile. Though we drank a
fair amount of Burgundy, the conversation never got ani-
mated and I felt that Pauling would rather talk to me,
clearly an unfinished member of the younger generation,
than to Francis. The talk did not last long, since Linus,
still on California time, was becoming tired, and the party
was over at midnight.

Elizabeth and I flew off the following afternoon to
Paris, where Peter would join us the next day. Ten days
hence she was sailing to the States on her way to Japan to
marry an American she had known in college. These
were to be our last days together, at least in the carefree
spirit that had marked our escape from the Middle West
and the American culture it was sc easy to be ambivalent
about. Monday morning we went over to the Faubourg
St. Honoré for our last lock at its elegance. There, peer-

Morning coffee in the Cavendish just after plfblication of the manu-
script on the double helix.
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ing in at a shop full of sleek umbrellas, I realized one
should be her wedding present and we quickly had it. Af-
terwards she searched out a friend for tea while I walked
back across the Seine to our hotel near the Palis du Lux-
embourg. Later that night with Peter we would celebrate
my birthday. But now I was alone, locking at the long-
haired girls near St. Germain des Prés and knowing they
were not for me. I was twenty-five and too old to be un-
usual.




EPILOGUE

VIRTUALLY everybody mentioned in this book is alive and
intellectually active. Herman Kalckar has come to this
country as professor of biochemistry at Harvard Medical
School, while John Kendrew and Max Perutz both have
remained in Cambridge, where they continue their X-ray
work on proteins, for which they received the Nobel Prize
in Chemistry in 1962. Sir Lawrence Bragg retained his
enthusiastic interest in protein structure when he moved
in 1954 to London to become director of the Royal Insti-
tution. Hugh Huxley, after spending several years in Lon-
don, is back in Cambridge doing work on the mechanism
of muscle contraction. Francis Crick, after a year in
Brooklyn, returned to Cambridge to work on the nature
and operation of the genetic code, a field of which he has
been the acknowledged world leader for the past decade.
Maurice Wilkins’ work remained centered on DNA for
some years until he and his collaborators established be-
yond any doubt that the essential features of the double
helix were correct. After then making an important con-
tribution to the structure of ribonucleic acid, he has
changed the direction of his research to the organization
and operation of nervous systems. Peter Pauling now
lives in London, teaching chemistry at University College.
His father, recently retired from active teaching at Cal
Tech, at present concentrates his scientific activity both
on the structure of the atomic nucleus and on theoretical
structural chemistry. My sister, after being many years in
the Orient, lives with her publisher husband and three
children in Washington.

All of these people, should they desire, can indicate
events and details they remember differently. But there is
one unfortunate exception. In 1958, Rosalind Franklin
died at the early age of thirty-seven. Since my initial
impressions of her, both scientific and personal (as re-
corded in the early pages of this book), were often
wrong, I want to say something here about her achieve-
ments. The X-ray work she did at King’s is increasingly
regarded as superb. The soiting out of the A and B
forms, by itself, would have made her reputation; even
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better was her 1952 demonstration, using Patterson su-
perposition methods, that the phosphate groups must be
on the outside of the DNA molecule. Later, when she
moved to Bernal’s lab, she took up work on tobacco mo-
saic virus and quickly extended our qualitative ideas
about helical construction into a precise quantitative pic-
ture, definitely establishing the essential helical parame-
ters and locating the ribonucleic chain halfway out from
the central axis.

Because I was then teaching in the States, I did not see
her as often as did Francis, to whom she frequently came
for advice or when she had done something very pretty,
to be sure he agreed with her reasoning. By then all
traces of our early bickering were forgotten, and we both
came to appreciate greatly her personal honesty and gen-
erosity, realizing years too late the struggles that the intel-
ligent woman faces to be accepted by a scientific world
which often regards women as mere diversions from seri-
ous thinking. Rosalind’s exemplary courage and integrity
were apparent to all when, knowing she was mortally ill,
she did not complain but continued working on a high
level untii a few weeks before her death.

On the following pages: The letter written to Delbriick telling
of the double helix.



DEPARTMENT OF PHYSICS

UNIVERSITY OF CAMBRIDGE

TELEPHONE CAVENDISH LABORATORY
CaMBRIDGE 55478 FREE SCHOOL LANE
CAMBRIDGE

Mareh, . , 1453

Dea Max

Tk Vi, oy oty Lo your wecat (eHag. We wee quite tacited. W your QcCounT

" Pa b, Seruaey  Th. < Lo . . i
- "y . < .y “b““".& tle Swiuatl % Yydue lt‘l’Mr, | eteeed a wgte

4von %uh;%, “'\.&‘5,‘.'.& et el ngf\ ha@ e ler&‘a\d. m&c*n'..‘ ntvrsd N e medbl

Wy sl Ay haa T Wiite &-;.. N tve negl Svhiee  an T Wit e e d&-:“. UaTl mayg we

Prefned ot to Wilte s tiwe Wwa K@ Mot oyt B Cennlt oclidlors  ONTH we wae Ve glet
-

\
cwe Tt al oq Waq  vosdo Walls cotedtt wive ctiveds. e tiat :.:. c‘{n&‘ - s & .
*touckiva

. & ; . 2
i 5\&60.'-.“0(‘ Lecrale. liee Yew That wi lae “wde < Lot .
et v Mok cal (o

condhaden ,

‘O . . . .
bt ol e, @ @e \abg oo, CGleclaby ot xact adamic

Ouwt vu@o-\( e Jont oeegeck ot Fgly ek o8 m(u\&) beaie weo "'\f‘\-'«ul.'? +® edia ta
u""&“‘“'\ e B e veved G""‘:\;;cd-‘l" 26 @hg U@L raely . it Y & S“\m\‘él. nedal e tm‘&h;\

Sevtol unurat  Reatuber. Woitote siwe DWA i+ ean vhed—al Svbrtaue, e que wet hesitact

boing b The main Lesties b Mo madal @k OO Ne basie shedun G hebid = T conires
ok Awo Mehnig e = The e o8 e Nelly (¢ Otiquid® by The Gurnie @l pymi

e
bases. - e @\“?W& Qrevps  Ave On e c’*-’-;ﬂQ (L> “tha helexs atd nek 1dentiial Bt

[ A x “het (¢ ona halix  Caatail, Bdnw . .
owgrNetin P ‘ ) i 4 @i hoae, tie stlan Wl tatell S @ QIrnciies Th\\

WA mesltt oG v atren,t % K .
Leak.scw 3 o ey T omate Tla ves ey l".nuun& ed at Qe Sne timg

Pt o Cunnet anl wyetnk Batkr Tt Contar, Ta pamidy €M Wone Wty presudiec S aey

exact as Qthing oy Tlel- Qesie B foens K diogen Poudts, T Adenis @il o wvin TnivR  wikile

Quenine i “‘“{‘ - o Rede. Fu edengie

R \‘*&«m




UNIVERSITY OF CAMBRIDGE DEPARTMENT OF PHYSICS

Triwewone | - / CAVENDISH LABORATORY
CAMBRIDGE 55478,Cw /c-; a7 FREE SCHOOL LANE
b ) CAMBRIDGE
C N -
° %.‘ “N L
kS i -}
) // “\ o
"'7'“&-«:.(\«
oands
s“‘ﬁQL_ &Qq\,
T'\‘m..q Wil “n.:..( Sy Qawmg & T S"‘:'*
—

While ny shggrae is Coutie, n Lok Hhese Qaie  Kaum L va < ade HyRuogen bote W whdy
Al ok Tug  angies  awe etk g T Quinigy, 17 L@ o W cffeekice  wvutane of Ny R
&vt ot .o s 9-;;.&(‘, tacks meic Fonga - 01l Caier e e e Wel Lo cval We ensl

Qe Khg  Gimiio S8 e tels. Thiv Vv & de‘wv‘hu((_‘ . a3fen

-
- ~
e et JO\-\.{ Deasiue g

Bl Cochuay tut (0 ek for ol ouyeet Walegher s Ced exqmuie , Tere tle Wal oo ;
Sy o

£ams  ave Wesenk s efvese B taa @rot we@ il passiecirhag.,

., Glns Sl
Tie wodal der Beon demued  Catiay feome StAe clenifal  ¢on Nabwic @R e
" o4
& ben, t = .
Xm0 consi@fation e e BRRGS th . € N .
kN s By Q@ In of (qy 2.48 )
324 Al wey °“6“““§' {.,M W

Aitey . W Hede B Sale et wde oppaimate 0 bidun gee teee o 3% A, T Stew B wyeT

nagdewd .

The "-u\ ‘A&M “W"‘“"‘“":\ Agieet W, e \'\p“(' et site ~lQ ’L'B4‘¢." el Mo,

axve poov P we - ( we hise o P 3y o e Bwin s hidy “"“.‘4 Nt vk Adthas P““%‘qﬂa>

T agvee mest R N we vy Canrbitas A peos€ v € oo wada). We ape Cortaisy & long oy

£, Qv tve  Colieckmral + To @ B Lo %uvt 0LMWL  ca((qbacabol e .
wam QrQotay A BaLabon €iaaa sioue at “‘434
. o WA woedt Ve el Kk va G e ou, - .

Coilege  wongsle Qe AN ~ ¢ gw(.\: ot @ ~FRiing Prase K e@Pdg B

afven nomde Ghee Graght st A pawiginiuie ehen - Cue Sete Lo ksen vavie rg T

bae Aot e I LY ' de e b R N R AL O FU GRS WS P T SR RO voivhe



DEPARTMENT OF PHYSICS

TEZLEPHONE CAVENDISH LABORATORY
CAMBRIDGE 55478 FREE SCHOOL LANE
CAMBRIDGE

UNIVERSITY OF CAMBRIDGE

PQL\& Bgathe- S Rowe. ke ("{’h“\\'\e Qlase,
W% nest day - s Cdk et Sl ta o wite T Natwg @aposnsg v Shectug

at & pessiels  aefal , At e Sene e enplaagig (T2 provisianal natve
e tte ()-tu‘kq rs a

art ta lak o

Pt W tta favar,  Boen 8 wiomy beiices (t T L2 inteceutyy
Guide Cange o @ thmduy gl of conpienmton S B4 S, 6 vier
. <
2 wieh  DVR G

“en :u-.(au'(' o g e MV“."L Q. Shgrt det KT Tae meune %
e v s, Fa tlese YTRIoag [N adoss, 4 < { - 3
Qimie [ B - ka.‘\, ethias\ {12(«’\ T Type & nePal
e Cactin, wWhih (€ Fige  was Tell eg ~ " . R
betin s < o “all heat & uv.‘..‘\ abos nana, of DR
":(},D:ﬂumv\'\_
1 sietl waite 9o X o c:v.e,a 6L 30 Qlbovl e VweCon bingi.pn PV Yesrtaws { ‘.“m;.g
1 L

1 btliege ha i Sening Yo ¢ capyl

@ ut\,\i M*O‘p(s(‘v'.s Lot e fen LA h‘a't.
~ . .
| Wova  Neat Alfee Ligguene(  wCCOW{ * He Seena m’\q Nk L e $?‘,“(‘ {Q\&&‘ of

2ccustoncd R h"“"s‘z Fellrw of (\sﬁ

Qsapong a2t s-y‘,c& e wot et Letsne

A!* ogeles H;;‘,,‘\‘
S

we wwad (Mi&\— D N m\t.é-\i.\s s lenes Te R’-J--\s . Whew tue  ieHal W
Se\ll Rt @ Capy o We Saad Gde R osaQ W canvliatus

es.

i :‘WKJ‘*'& @ slait

hatio e



In Stockholm for their Nobel Prizes, December 1962: Maurice Wilkins,
John Steinbeck, John Kendrew, Max Perutz, Francis Crick, and James
D. Watson.
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Three Other
Perspectives



In order to celebrate the twenty-first anniversary of its publication of
Watson and Crick’s article, the journal Nature brought out a special issue
in April 1974 entitled “Molecular Biology Comes of Age.” This issue
contained several retrospective and prospective appreciations of the disci-
pline that had become a recognizable entity upon the discovery of the
DNA double helix in 1953. Moreover, it also presented a most significant
astrological discovery, namely that Aries is the sign under which molecu-
lar biologists tend to be born, in contrast to taxonomists, who tend to be
born under Cancer. Two of the retrospective articles—one by Francis
Crick and the other by Linus Pauling—are of special interest within the
context of this edition, in that they present views of the discovery of the
double helix from the personal perspectives of two other major charac-
ters of the story.

A correction, or emendation, of the historical account given by Watson
was published by Aaron Klug, Rosalind Franklin’s last student, soon
after the appearance of The Double Helix. Klug reviews not only the
papers that Franklin published on the results of her crystallographic anal-
yses of DNA but also the contents of her unpublished research reports
and laboratory notebooks that were passed on to him on Franklin’s death
in 1958. The evidence he presents leads Klug to conclude that at the time
that Watson and Crick informed her of their DNA double helix, Franklin
was actually much closer to the discovery of the correct structure than a
reader would infer from Watson’s story.

FRANCIS CRICK

The Double Helix: A Personal View (1974)t

For this anniversary I thought it might be appropriate to look
back, in a rather informal way, at the original papers on the struc-
ture of DNA to see how they appear today in the light of 21 years
of research.

During the spring and summer of 1953 Jim Watson and I wrote
four papers on the structure and function of DNA. The first
appeared in Nature on April 25 accompanied by two papers from
King’s College London, the first by Wilkins, Stokes and Wilson, the
other by Franklin and Gosling. Five weeks later we published a
second paper in Nature, this time on the genetic implications of the
structure. A general discussion was included in the volume that
came from that year’s Cold Spring Harbor Symposium, the subject
of which was viruses. We also published a detailed technical account
of the structure, with rough coordinates, in an obscure journal® in
the middle of 1954.

The first Nature paper was both brief and restrained. Apart from
the structure itself the only feature of the paper which has excited
comment was the short sentence: “It has not escaped our notice that

+ From Nature, April 26, 1974, pp. 766-771.
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the specific pairing we have postulated immediately suggests a possi-
ble copying mechanism for the genetic material”. This has been
described as ‘coy’, a word that few would normally associate with
either of the authors, at least in their scientific work. In fact it was a
compromise, reflecting a difference of opinion. I was keen that the
paper should discuss the genetic implications. Watson was against it.
He suffered from periodic fears that the structure might be wrong
and that he had made an ass of himself. I yielded to his point of
view but insisted that something be put in the paper, otherwise
someone else would certainly write to make the suggestion, assum-
ing we had been too blind to see it. In short, it was a claim to prior-
ity.

Why, then, did we change our minds and, within only a few
weeks, write the more speculative paper of May 30? The main
reason was that when we sent the first draft of our initial paper to
King’s College we had not yet seen their own papers. Consequently
we had little idea of how strongly their X-ray evidence supported
our structure. The famous ‘helical’ X-ray picture of the B form,
reproduced by Franklin and Gosling in their paper, had been shown
to Watson, but he certainly had not remembered enough details to
construct the arguments about Bessel functions and distances which
the experimentalist gave. I myself, at that time, had not seen the pic-
ture at all. Consequently we were mildly surprised to discover that
they had got so far and delighted to see how well their evidence sup-
ported our idea. Thus emboldened, Watson was easily persuaded
that we should write a second paper.

The Papers in Nature

The two experimental papers of April 25 overlap to a considera-
ble extent. Rosalind Franklin’s paper mentions the crystalline A
structure, but only briefly, except for the claim that the Patterson
superposition function (which was in the press at the time) sup-
ported two chains rather than three. Both papers stress that there
must be more than one chain in the structure. Indeed Maurice Wilk-
ins had personally told Chargaff that a year or so earlier. Both pre-
sent the argument that the positions of the intensity maxima ruled
out two (parallel) chains related by a dyad parallel to the fibre axis.
Neither gave the neat argument, due to Watson, that their own
density measurement, together with the observed change in length
between the two forms, supported two chains rather than three.
Franklin noted that if there were several chains they could not be
equally spaced and that ‘equivalence’ favoured two rather than
three. It was not explicitly stated, however, that equivalence implies
dyad axes perpendicular to the fibre axis and that therefore the two
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chains must run in opposite directions. Nor did she realise that the
monoclinic unit cell of the A form also suggested this, although we
had deduced this from her own experimental data.

Both papers correctly concluded from the intensity positions that
the phosphate-sugar backbone was on the outside of the structure
and that the bases were stacked on the inside. Franklin repeated the
argument, which she had made to us verbally a year earlier, that the
phosphates would be hydrated (in which she was perfectly right)
and therefore that they would probably be on the outside of the
molecule. In short, both the groups at King’s College had obtained a
fairly general idea of the structure but they had done no proper
model building. Mainly because of this they had missed the pairing
of the bases and they had completely overlooked the significance of
Chargaff’s rule.

The omissions in the paper by Watson and myself are also strik-
ing. The structure is produced like a rabbit out of a hat, with no
indication as to how we arrived at it. No dimensions are given (let
alone coordinates) except that the base pairs were 3.4 A apart and
that the structure had 10 base pairs in its repeat. The exact nature
of the base pairing was not immediately obvious; nor even Pnambi-
guous since at that time there were two systems for numbering pyr-
imidine rings. Most of this information was provided in the subse-
quent papers. However the general nature of the structure was clear
enough, though the tone of the paper (“it must be regarded as
unproved until it has been checked against more exact results”) was,
apart from the short first paragraph, rather muted. o

Although a casual reader could easily have overlooked the signifi-
cance of the first set of papers, especially as they were full of
obscure crystallographic jargon, he could hardly miss the impact of
our second one. The biologically important features of the proposed
structure were explicitly described. The base pairs were listed with
the minimum of hedging about tautomerism and were illustrated in
scale diagrams. The proposed duplication mechanism was spelt out
in simple terms, unmarred by any trace of algebra. In spite of the
discussion of the difficulties of unwinding, the list of unsolved prob-
lems and the reservations about the unproved nature of the struc-
ture, the final paragraph leaves little doubt that the authors thought

they had a good idea.

How Do They Stand Today?

How have these early papers stood the test of time? It can now be
taken as firmly established that DNA usually consists of two chains,
wound together and running in opposite directions. The evidence for
this statement is so extensive that it would take too long to quote it
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all here. The fact that normally A pairs with T, and G with C, is
also well established but the details were less certain until recently.
The G:C pair was never in serious doubt. Watson and I drew this
with only two hydrogen bonds but mentioned in our technical
paper! that three was also a possibility. This was made almost cer-
tain by the theoretical arguments of Pauling and Corey? and was
confirmed by X-ray structure determinations of single crystals of
base pairs. The same technique showed that the A:T (or A:U) pair
in single crystals usually did not have the configuration Watson and
[ suggested. The matter was only finally resolved about a year ago
when Rich and his colleagues published two crystal structures; that
of GpC paired with itself* and ApU paired with itself* (the back-
bone in each case was ribose), both to about 0.9 A They show not
only the expected configurations for the base pairs but also make it
highly likely that, as we claimed, nucleic acid helices are right
handed.

In 1953 it was uncertain whether RNA could form a double
helix. Watson and I stated that we thought we could not build our
model for the B form of DNA with an RNA backbone. The discov-
ery of double-stranded RNA viruses proved, however, that biologi-
cal RNA too could form a double helix, though with slightly differ-
ent parameters. The detailed coordinates we had (tentatively) sug-
gested for DNA were soon shown to be incorrect (we had put the
backbone at too big a radius) and much more accurate coordinates
were provided by Wilkins and his colleagues, using fairly sophistica-
ted methods of handling their much improved X-ray data. The gen-
eral correctness of this work has been strongly supported recently by
the single-crystal studies, mentioned above, of Rich and his cowork-
ers.

Recently, Bram® has put forward evidence that the parameters of
a DNA double helix may vary somewhat with base composition,
though whether this is a trivial variation or has deep biological
implications is at present uncertain. Watson and I were so impressed
with the apparent uniformity of the double helix from different bio-
logical sources and the regularity of the backbone of our model that
we had no hesitation in saying that it “seems likely that the precise
sequence of the bases is the code that carries the genetic informa-
tion”, an idea which gave me plenty to think about in the next 10
or 12 years.

Nothing was said about the possibility that the two chains might
be melted apart and then annealed together again, correctly lined
up. The discovery of this by Marmur and Doty has provided one of
the essential tools of molecular biology. I can still remember the
excitement I felt when Paul Doty told me about it at breakfast one
day in New York in a hotel overlooking Central Park. But in other
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respects we were almost too far sighted, as witness our remark that
recombination would probably depend upon base pairing. We strug-
gled for several years to produce neat models for this, all to no
avail, partly because we accepted copy choice too easily but also
because we were trying to invent a mechanism which did not need
additional enzymes. This showed a gap in our overall grasp of
molecular biology, which can also be glimpsed in our tentative
suggestion that DNA synthesis might not need an enzyme, a remark
I should certainly not make today except perhaps in the context of
the origin of life.

As to DNA replication, our earliest description was mainly sche-
matic. We realised that plain nucleotides were not likely to be the
immediate precursor but missed the rather obvious idea that they
were nucleoside triphosphates, again a lack of insight into biochem-
istry. We did suggest the so-called Y mechanism (in the Cold Spring
Harbor paper) but did not mention the difficulties due to the direc-
tion of synthesis of antiparallel chains, though I frequently empha-
sised it a few years later. Looking back, I think we deserve some
credit for not being inhibited by the difficulty of unwinding which
we clearly recognised and for our forthright stand against paranemic
(as opposed to plectonemic) coiling. In this instance our grasp of
X-ray diffraction was invaluable.

The Functions of DNA

It is, of course, somewhat a matter for surprise that DNA syn-
thesis is not fully understood even today. It would take too much
space to discuss the complex and rapidly moving field here. Semi-
conservative replication in many instances is firmly established. The
process certainly occurs as if base pairing were taking place, but I
have often asked myself what evidence would make it certain that
base pairing really occurs rather than some elaborate allosteric
mechanism, even though the latter seems unlikely. Perhaps only an
X-ray determination of the structure of the polymerase will finally
answer the question. Meanwhile the topics of Okazaki fragments,
rolling circle models, RNA primers and the exact roles of the var-
ious polymerases will keep many people busy. Even at that early
period we did at least ask whether the DNA of a chromosome was in
one long molecule, though the idea of circular DNA never occurred
to us. Nor did we suggest that a virus might have single-stranded
DNA. There is however one remark which may turn out to be per-
spicacious “. . . We suspect that the most reasonable way to avoid
tangling is to have the DNA fold up into a compact bundle as it is
formed”. As we struggle with the structure of the E. coli chromo-
some and the even more formidable problem of the structure of the

]
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chromosomes of higher organisms—probably the major unsolved
problem of molecular biology today—it might be worth remember-
ing this tentative suggestion from the distant past.

The other topic we touched on was mutation. This was of the
base-substitution type-—there is no hint of frameshift mutants. We
totally missed the possible role of enzymes in repair although, due to
Claud Rupert’s early very elegant work on photoreactivation, I later
came to realise that DNA is so precious that probably many distinct
repair mechanisms would exist. Nowadays one could hardly discuss
mutation without considering repair at the same time.

There is no hint in these early papers that nucleic acid might
form a complex three-dimensional structure such as we now find in
transfer RNA nor even the idea of the hypothetical Gierer loops.
Our message was that DNA was simple and alone carried the
genetic information. We saw no reason to complicate it till we had
to. For the same reason although we must have drawn a G:U pair
we attached no importance to it. “Wobble” was still far in the
future, but these, it seems to me, are forgivable oversights.

Reactions to the Structure

It is really for the historian of science to decide how our structure
was received. This is not an easy question to answer because there
was naturally a spectrum of opinion which changed with time.
There is no doubt, however, that it had a considerable and immedi-
ate impact on an influential group of active scientists. Mainly due to
Max Delbriick, copies of the initial three papers were distributed to
all those attending the 1953 Cold Spring Harbor Symposium and
Watson’s talk was added to the programme. A little later I gave a
lecture at the Rockefeller which I am told produced considerable
interest, partly I think because I mixed an enthusiastic presentation
of our ideas with a fairly cool assessment of the experimental evi-
dence, roughly on the lines of the article which appeared in Scien-
tific American in October, 1954. Sydney Brenner, who had just
finished his PhD, at Oxford under Hinshelwood, appointed himself,
in the summer of 1954, as Our Representative at Cold Spring
Harbor and took some pains to get the ideas over to Demerec. It
was about this time that Matt Meselson, just moving into biology
from physical chemistry, grasped the importance of inventing a new
method to tackle the problem of semiconservative replication, a the-
oretical analysis which led to density gradient centrifugation. But
not everyone was convinced. Barry Commoner insisted, with some
force, that physicists oversimplified biology, in which he was not
completely wrong. Chargaff, when I visited him in the winter of
1953-54, told me (with his customary insight) that while our first
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paper in Nature was interesting, our second paper on the genetic
implications was no good at all. I was mildly surprised to find, when,
some years later, in 1959, I talked with Fritz Lipmann who had
arranged that I should give a series of lectures at the Rockefeller,
that he had not really grasped our scheme of DNA replication. (It
emerged that he had been talking to Chargaff.) By the end of the
lectures, however, when he summed up, he gave a remarkably clear
outline of our ideas. Arthur Kornberg has told me that when he
began work on DNA replication he did not believe in our mecha-
nism, but his own brilliant experiments soon made him a convert,
though always a careful and critical one. It was his work which pro-
duced the first good evidence that the two chains run in opposite
directions. All in all it seems to me that we got a very fair hearing,
better than Avery and certainly a lot better than Mendel.

Not that it was all plain sailing. We were naturally delighted with
the work of Meselson and Stahl, and of Herbert Taylor, on semi-
conservative replication, though I have never thought this the ess-
ence of our ideas which lies rather in the base pairing. Seymour
Benzer’s genetic analysis of the ry; locus of phage T4 encouraged
us greatly. But we had to live through the claims of Marshak that
there was no DNA in Arbacia eggs and of a Canadian group that
the amount of DNA synthesis in one cell cycle was twice the
expected amount. At a later stage Cavalieri claimed that the basic
DNA structure had four chains, rather than two, an idea which
cropped up again more recently. On the crystallographic side Dono-
hue, whose advice had been crucial to our understanding of base
pairing, was a persistent critic of the validity of the later X-ray
work, but in recent years he carried it too far, refusing, for example,
to admit as evidence the great accumulation of data showing that
the two chains are antiparallel. (In 1956, he had rashly published,
with Stent, a quite erroneous structure having like-with-like pairing.)
I hope the recent papers by Rich, referred to above, have to some
extent reduced his doubts, which at times had some justification.

Who Might Have Discovered It?

Then there is the question, what would have happened if Watson
and I had not put forward the DNA structure? This is ‘iffy’ history
which I am told is not in good repute with historians, though if a
historian cannot give plausible answers to such questions I do not
see what historical analysis is about. If Watson had been killed by a
tennis ball I am reasonably sure I would not have solved the struc-
ture alone, but who would? Olby® has recently addressed himself to
this question. Watson and I always thought that Linus Pauling
would be bound to have another shot at the structure once he had
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seen the King's College X-ray data, but he has recently stated that
even though he immediately liked our structure it took him a little
time to decide finally that his own was wrong. Without our model
he might never have done so. Rosalind Franklin was only two steps
away from the solution. She needed to realise that the two chains
must run in opposite directions and that the bases, in their correct
tautomeric forms, were paired together. She was, however, on the
point of leaving King’s College and DNA, to work instead on TMV
with Bernal. Maurice Wilkins had announced to us, just before he
knew of our structure, that he was going to work full time on the
problem. Our persistent propaganda for model building had also had
its effect (we had previously lent them our jigs to build models but
they had not used them) and he was proposing to give it a try. I
doubt myself whether the discovery of the structure could have been
delayed for more than two or three years.

There is a more general argument, however, recently proposed by
Gunther Stent and supported by such a sophisticated thinker as
Medawar. This is that if Watson and I had not discovered the struc-
ture, instead of being revealed with a flourish it would have trickled
out and that its impact would have been far less. For this sort of
reason Stent had argued that a scientific discovery is more akin to a
work of art than is generally admitted. Style, he argues, is as im-
portant as content.

I am not completely convinced by this argument, at least in this
case. Rather than believe that Watson and Crick made the DNA
structure, I would rather stress that the structure made Watson and
Crick. After all, I was almost totally unknown at the time and
Watson was regarded, in most circles, as too bright to be really
sound. But what I think is overlooked in such arguments is the
intrinsic beauty of the DNA double helix. It is the molecule which
has style, quite as much as the scientists. The genetic code was not
revealed all in one go but it did not lack for impact once it had been
pieced together. I doubt if it made all that difference that it was
Columbus who discovered America. What mattered much more was
that people and money were available to exploit the discovery when
it was made. It is this aspect of the history of the DNA structure
which I think demands attention, rather than the personal elements
in the act of discovery, however interesting they may be as an object
lesson (good or bad) to other workers.

My Own Reactions

I have sometimes been asked whether I had ever contemplated
writing my own account of the discovery. In the 1950s I did give a
lecture on this subject to a group of historians of science at Cam-

The Double Helix: A Personal View -+ 145

bridge and to a similar group at Oxford. I was able to be rather
more scholarly than Watson could allow himself in The Double
Helix, which is better regarded as a rather vivid fragment of his
autobiography, written for a lay audience. As to a book I confess 1
did get as far as composing a title (The Loose Screw) and what I
hoped was a catchy opening (“Jim was always clumsy with his
hands. One had only to see him peel an orange . . .”) but I found I
had no stomach to go on. Recently we made a film together about it
for undergraduates. Much had to be left out when the film came to
be cut but it does to some extent supplement Jim’s book. Since
Olby’s detailed and scholarly account® will soon be available, I doubt
if there is now much more I can usefully add.

Finally one should perhaps ask the personal question—am I glad
that it happened as it did? I can only answer that I enjoyed every
moment of it, the downs as well as the ups. It certainly helped me in
my subsequent propaganda for the genetic code. But to convey my
own feelings, I cannot do better than quote from a brilliant and per-
ceptive lecture I heard years ago in Cambridge by the painter John
Minton (he later committed suicide) in which he said of his own
artistic creations “the important thing is to be there when the picture
is painted”. And this, it seems to me, is partly a matter of luck and
partly good judgement, inspiration and persistent application.
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LINUS PAULING

Molecular Basis of Biological Specificity (1974)

During the decade 1930-40 I formulated a general theory of the
molecular basis of biological specificity, involving the idea that bio-
logical specificity results from the interaction of complementary
molecular structures, with hydrogen bonds among the most impor-
tant of the weak intermolecular forces between the interacting mole-
cules. The most striking example of specific biological interactions
of this sort is the interaction between the two complementary
strands of the DNA molecule in the double helix discovered by
Watson and Crick 21 years ago.

Early Work

My early work was on the determination of the structure of crys-
tals by the X-ray diffraction technique, the determination of the
structure of gas molecules by electron diffraction, and the applica-
tion of quantum mechanics to physical and chemical problems,
especially the structure of molecules and the nature of the chemical
bond. In 1929, when Thomas Hunt Morgan came to the California
Institute of Technology, bringing with him a number of very able
younger biologists, I began to become familiar with biological prob-
lems, and to think about possible ways in which biological specificity
could be explained in terms of interactions between molecules. I
worked on several problems of biological specificity, from the
molecular point of view, without success; one of them was the prob-
lem of explaining the self sterility of the marine organism Ciona
(the sea squirt), which was being studied by Morgan. In 1934 the
problem of the shape of the oxygen equilibrium curve of haemo-
globin attracted my attention. Consideration of the structure of hae-
moglobin led to the idea that investigation of the magnetic proper-
ties of this substance and its derivatives would provide valuable
information, and work along these lines, in collaboration with C. D.
Coryell and a number of students, was initiated. Alfred E. Mirsky
of the Rockefeller Institute for Medical Research, who had been
studying haemoglobin for several years, came to Pasadena for a
year, and he and I formulated a theory of the structure of native,
denatured, and coagulated proteins, based upon the concept that a
native protein molecule consists of one polypeptide chain (or of two
or more such chains) folded into a uniquely defined configuration.
in which it is held by hydrogen bonds between the peptide nitrogen

1t From Nature, April 26, 1974, pp. 769-771.
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and oxygen atoms, as well as by other weak forces, with denatura-
tion involving a loss of this well-defined structure.!

Antigens and Antibodies

In 1936, while I was on a short visit to the Rockefeller Institute
for Medical Pesearch, Karl Landsteiner asked me how I would
explain the observed properties of antibodies and antigens by means
of their molecular structure. I thought about this problem during the
following years, and consulted Landsteiner about the interpretation
of sometimes conflicting experimental results. By 1940 I had formu-
lated a theory of the structure and process of formation of
antibodies.? This theory was based upon the concept that the spe-
cific combining region of an antibody molecule is complementary in
structure to a portion of the surface of the antigen, with the anti-
gen-antibody bond resulting from the cooperation of weak forces
(electronic Van der Waals forces, electrostatic interaction of
charged groups, and hydrogen bonding) between the complemen-
tary structures, over an area sufficiently large that the total binding
energy could resist the disrupting influence of thermal agitation.
Precipitating and agglutinating antibodies were assumed to be biva-
lent, consisting of a central part, with structure common to all or
almost all antibodies produced by the animal, and two end parts, the
combining regions, with structure complementary to that of the anti-
gen. (The idea of complementary structures for antibody and anti-
gen was suggested by Breinl and Haurowitz,®> Alexander,® and
Mudd3, There is some intimation of it in the early work of Ehrlich
and Bordet.) The complementary combining regions were assumed
to be formed by the folding of polypeptide chains in the presence of
the antigen, in such a way that the forces of attraction would mould
the folding chain into a structure complementary to that of a por-
tion of the antigen, with the folded chain then being held in this
configuration by hydrogen bonds and other interactions, even after
the antibody had dissociated from the antigen on which the combin-
ing group was moulded. Dan Campbell, David Pressman, and a
number of other workers in our laboratory carried out experimental
studies that verified the valence 2 for precipitating and agglutinating
antibodies®7 and that left no doubt that the combining regions of
antibodies are complementary in structure to the homologous hap-
tenic groups of the antigen.® The fit of the combining region of the
antigen to the hapten was shown to be close, better than 20 pm in
some cases, and the effects of Van der Waals attraction, electrostatic
forces, and hydrogen-bond formation were separately verified in
quantitative hapten-inhibition studies. A satisfactory theoretical
explanation of quantitative values of free energy of combination of
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haptens with antibodies homologous to the o-, m-, and p-azobenzene
arsenic acid groups on the basis of known intermolecular interac-
tions was reported in 1945 (ref. 9). For several haptens with var-
ious groups substituted in the positions of the azo group in the
hapten of the immunising antigen the standard free energy of com-
bination, as given by hapten inhibition constants, was found to be
proportional to the calculated Van der Waals interaction with the
surrounding antibody, which includes proportionality to the electric
polarisability of the group. For groups forming hydrogen bonds the
energy of the hydrogen bond (1.5 to 3 kJ mol-?, representing the
difference in energy of the hydrogen bond formed by the hapten
with antibody and with water) was needed, in addition to the term
corresponding to electronic Van der Waals interaction. The effect of
electric charge was determined by comparison of haptens closely
similar in shape, but with a difference in electric charge: in one
casel® comparison of haptens with either trimethylammonium ion
or tertiary butyl group, and in the other case!! with either carboxy-
late ion or nitro group. In each comparison there was indication of
a complementary electric charge in the antibody, close to the charge
in the immunising antigen. The magnitude of the effect showed the
charge in the antibody to be within 320 pm (first case) or 260 pm
(second case) of the minimum distance permitted by the Van der
Waals radii of the groups. I think that this work, which was based
on earlier work of Landsteiner and his collaborators!?, leaves no
doubt that the specificity of antibodies is the result of the comple-
mentariness in structure of the combining group and a portion of
the surface of the homologous antigen.

Nonbiological Specificity

It became evident that nonbiological specificity could also be
explained in terms of complementarity. I gave an example in a lec-
ture on analogies between antibodies and simpler chemical
substances!®. “The reaction shown by simple chemical substances
that is analogous to that of specific combination of antigen and anti-
body is the formation of a crystal of a substance from solution. A
crystal of a molecular substance is stable because all of the mole-
cules pile themselves into such a configuration that each molecule is
surrounded as closely as possible by other molecules—that is, if a
molecule were to be removed from the interior of a crystal, the
cavity that it would leave would have very nearly the shape of the
molecule itself. We can say that the part of a crystal other than a
given molecule is very closely complementary to that molecule.
Other molecules, with different shape and structure, would not fit
into this cavity nearly so well, and in consequence other molecules
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in general would not be incorporated in a growing crystal. This is
the explanation of the astounding chemical process of purification
by crystallization—from a very complicated system, such as, for
example, grape jelly, containing hundreds of different kinds of mole-
cules, crystals which are nearly chemically pure may be formed,
such as crystals of cream of tartar, potassium hydrogen tartrate”.

In the same paper it is stated that “although crystallisation is the
only simple chemical reaction that shows striking similarity to serol-
ogical reactions with respect to specificity, there are many physiolog-
ical phenomena that are similarly specific, and for which the specif-
icity can be given a similar explanation. The specificity of the catal-
ytic activity of enzymes is due to a surface configuration of the
enzyme such as to make the enzyme complementary to the substrate
molecule or, rather, to the substrate molecule in the strained state
that occurs during the catalysed reaction. The specific action of
drugs and bactericidal substances have a similar explanation. Even
the senses of taste and odour are based upon molecular configura-
tion rather than upon ordinary chemical properties—a molecule
which has the same shape as a camphor molecule will smell like
camphor even though it may be quite unrelated to camphor chemi-
cally. I am convinced that it will be found in the future, as our
understanding of physiological phenomena becomes deeper, that the
shapes and sizes of molecules are of just as great significance in
determining their physiological behavior as are their internal struc-
ture and ordinary chemical properties.

Intermolecular Forces in Biological Processes

In 1940 Max Delbriick and I'* published a discussion of the
intermolecular forces operative in biological processes. P, Jordan had
advanced the idea that there exXists a quantum-mechanical stabilising
interaction that operates preferentially between identical or nearly
identical molecules or parts of molecules, and is of great importance
for biological processes, including the production of new genes
identical with the old ones. Delbriick and I pointed out that the spe-
cific quantum-mechanical forces between identical molecules could
not be large enough to cause a specific attraction between like mole-
cules under the conditions of excitation and perturbation prevailing
in living organisms, and therefore could not be effective in bringing
about autocatalytic reactions. We wrote that “It is our opinion that
the processes of synthesis and folding of highly complex molecules
in the living cell involve, in addition to covalent-bond formation,
only the intermolecular interactions of Van der Waals attraction and
repulsion, electrostatic interactions, hydrogen-bond formation, etc.,
which are now rather well understood. These interactions are such
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as to give stability to a system of two molecules with complementary
structures in juxtaposition, rather than of two molecules with neces-
sarily identical structures; we accordingly feel that complementar-
iness should be given primary consideration in the discussion of spe-
cific attraction between molecules and the enzymatic synthesis of
molecules.” We mentioned that “The case might occur in which the
two complementary structures happened to be identical; however, in
this case also the stability of the complex of two molecules would be
due to their complementariness rather than their identity.” Some
time later!s I discussed the matter of gene replication in more
detail: “I believe that the genes serve as the templates on which are
molded the enzymes that are responsible for the chemical characters
of the organisms, and that they also serve as templates for the pro-
duction of replicas of themselves. The detailed mechanism by means
of which a gene or a virus molecule produces replicas of itself is not
yet known. In general the use of a gene or virus as a template would
lead to the formation of a molecule not with identical structure but
with complementary structure. It might happen, of course, that a
molecule could be at the same time identical with and complemen-
tary to the template on which it is molded. However, this case seems
to me to be too unlikely to be valid in general, except in the follow-
ing way. If the structure that serves as a template (the gene or virus
molecule) consists of, say, two parts, which are themselves comple-
mentary in structure, then each of these parts can serve as the mold
for the production of a replica of the other part, and the complex of
two complementary parts thus can serve as the mold for the produc-
tion of duplicates of itself.” The same statements were made in the
spring of 1948 in lectures in Oxford, Cambridge, London and else-
where.

The hydrogen bond was recognised by Latimer and Rodebush as
an important structural feature more than 50 years ago!®. In their
1920 paper they mentioned that “Mr Huggins of this laboratory in
some work as yet unpublished has used the idea of a hydrogen
kernel held between two atoms as a theory in regard to certain
organic compounds.” In 1936 Mirsky and I pointed out the impor-
tance of the hydrogen bond in determining the structure of
proteins!. In the same year Huggins also discussed protein struc-
tures in a more detailed way, with hydrogen bonds between the NH
and CO groups of the main chains!’. A few years later Huggins
described several helical structures for polypeptide chains, with
intrachain hydrogen bonds!®. These structures were needlessly
restricted to having an integral number of amino acid residues per
turn of the chain and, moreover, Huggins did not require the amide
groups to be planar, although the planarity of these groups had been
recognised since 1932 (ref. 19), and had already been verified by
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several determinations of the structure of simple peptide crystals in
our laboratory. It is unfortunate that Huggins was handicapped by
these two erroneous assumptions in his imaginative and otherwise
sound attack on the problem of the secondary structure of proteins.
The same two erroneous assumptions provided a similar insuperable
barrier to the vigorous attack made by Bragg, Kendrew, and Perutz
on the same problem?°. In the meantime, Corey and other investi-
gators in Pasadena had determined the crystal structures of a
number of amino acids and simple peptides, and Corey and I had
discovered the alpha helix and the parallel chain and antiparallel
chain pleated sheets?!. The discovery of the alpha helix left no
doubt about the importance of helical structures and of hydrogen
bonds in determining the secondary structures of proteins.

Nucleic Acids

I had been interested in the nucleic acids since 1933, when Sher-
man and I calculated the resonance energy of guanine and other
purines®2. My colleagues Robert B. Corey had made some X-ray dif-
fraction photographs of fibres of nucleic acid, which were, however,
of somewhat poorer quality than those published by Astbury and
Bell23. T began work on the problem of interpreting the X-ray pho-
tographs on November 26, 1952; on the preceding day I had
attended a seminar in biology in the California Institute of Technol-
ogy, at which Professor Robley Wililams of University of Califor-
nia, Berkeley, showed a slide of an electron microscope photograph
of molecules of sodium ribonucleate. He said that the small fibrils
had a diameter of about 1.5 nm, and that they were apparently
cylindrical, in that only one diameter was shown. The X-ray photo-
graphs indicated an identity distance along the axis of the molecule
of 340 pm, and, with the measured density of RNA, about 1.62 g
cm-3, it was indicated that the fibres contain two or three mole-
cules, probably helices twisted about one another. The value of the
spacing of the principal equatorial X-ray reflection had been shown
to decrease with decreasing amount of hydration of the fibres, with
a minimum value of 1.62 nm. I assumed this value to correspond to
essentially anhydrous nucleic acid, and, using the density, I calcu-
lated the number of polynucleotide chains per unit to be exactly
three. This result surprised me, because I had expected the value 2
if the nucleic acid fibres really represented genes. I decided, how-
ever, that probably the fibres were artefacts, produced by the proc-
ess of extraction from cells and the subsequent stretching. During
the next month I strove to find a way of arranging the polynucleotide
chains in a triple helix, and was successful, although the structure
was described as “an extraordinarily tight one, with little opportu-
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nity for change in positions of the atoms”. The paper in which this
structure was described was communicated to the Proceedings of the
National Academy of Sciences on December 31, 1952, and a copy
of the manuscript was sent to Watson and Crick24.

In hindsight, it is evident that I made a mistake on November 26,
1952 in having decided to study the triple helix rather than the
double helix. It is likely that the fibres giving the equatorial spacing
1.62 nm contained some water, and also had a density less than 1.62
g cm=3, The diameter 1.5 nm observed by Williams for nucleic acid
molecules corresponds, with an assumed density of 1.6 g cm™3 and
unit translation 340 pm along the molecular axis, to two molecules
in a helical structure (calculated diameter 1.6 nm) rather than to
three (1.9 nm). I am now astonished that I began work on the
triple helix structure, rather than on the double helix. I had not
forgotten that Delbriick and I had suggested that the gene might
consist of two complementary molecules, but for some reason,
not clear to me now, the triple chain structure apparently appealed
to me, possibly because the assumption of a three-fold axis simpli-
fied the search for an acceptable structure.

I cannot say what would have happened if I had made the other
assumption, that of a double helix, on November 26, or if I had suc-
ceeded in getting access to the diffraction photographs of DNA that
had been made by Wilkins. There is a chance that I would have
thought of the Watson—Crick structure during the next few weeks. I
knew that the purines and pyrimidines were present in nucleic acid
in equal amounts, but I had not drawn the reasonable conclusion
about purine—pyrimidine pairs. I knew about hydrogen bonding by
purines and pyrimidines. Nevertheless, 1 myself think that the
chance is rather small that I would have thought of the double helix
in 1952, before Watson and Crick made their great discovery. After
all, I had spent part of the summer of 1937 in a search for ways of
folding polypeptide chains, with planar amide groups of the correct
dimensions and with hydrogen bonds between the CO and NH
groups of residues separated by some distance along the chain, in
such a way as to account for the X-ray diffraction photographs of
alpha keratin, but without success. There was no reason why the
alpha helix should not have been discovered then, rather than 11
years later, when it was discovered after a few hours of work. There
is no doubt that even rather simple ideas sometimes are very elusive.

It is my opinion that if Watson and Crick had not carried on their
persistent effort, and had not had the benefit of advice about the
structures of the nitrogen bases and hydrogen bonds from Jerry
Donohue and information from the excellent X-ray diffraction pho-
tographs of Wilkins, the discovery of the double helix, which has led
to such great developments in molecular biology, might well have
been delayed for several years.
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AARON KLUG

Rosalind Franklin and the Discovery of the
Structure of DNA (1968)t

Rosalind Franklin made crucial contributions to the solution of
the structure of DNA. She discovered the B form, recognized that
two states of the DNA molecule existed and defined conditions for
the transition. From early on, she realized that any correct model
must have the phosphate groups on the outside of the molecule. She
laid the basis for the quantitative study of the diffraction patterns,
and after the formulation of the Watson-Crick model she demon-
strated that a double helix was consistent with the X-ray patterns of
both the A and B forms.

Watson's account in The Double Helix does not pretend to tell
more than one side of the story. The article by Dr L. D. Hamilton
+ From Nature, August 24, 1968, pp. Research Council in Cambridge. His re-
808-810, 843-844. Aaron Klug (b. 1926) search deals with the crystallographic

is a member of the staff of the Labora- analysis of biological structures.
tory of Molecular Biology of the Medical
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(“DNA: Models and Reality”, Narure, May 18, 1968) does not do
justice to Franklin’s work.*

The importance of Franklin’s work has been lost sight of, partly
because of her untimely death. Because, as her last and perhaps
closest scientific colleague, I am in a position to fill in the record, I
have endeavoured here to give an account of what Franklin was
doing in the period before the discovery of the Watson-Crick model,
to place the helical question in context, and to summarize the con-
tributions she made to the proof of the structure. I have not
attempted to deal with the well recognized contributions made by
the other protagonists in the story except in so far as they touch
directly on her work.

The Helix Question

Watson and Hamilton have both written about Franklin’s “anti-
helical” view without explaining the context of this opinion. Frank-
lin had decided that there were sufficient discrete reflexions in the
diffraction pattern of the A form to settle the question of the exist-
ence of helices in this form by an objective crystallographic analysis,
without any assumptions having to be made. Indeed, if there is a
phase in Franklin’s work that can be called “anti-helical”, there is
equally an earlier pro-helical phase. This can be found in the official
report on her first year's work which she submitted in February
1952 in connexion with her Turner-Newall fellowship, and also in
her notes for her talk at King’s College in November 1951—the lec-
ture which Watson describes attending in his book. In the report she
states that general features of the crystalline (A) pattern—and also
those of the wet form (later known as B)—suggest a helical struc-
ture and that the 27 A layer line spacing of the A structure proba-
bly corresponds to one turn of a helix. Furthermore, she points out
that the unit cell of the A structure is nearly hexagonal in projec-
tion, therefore suggesting that the structure is built up of near-cy-
lindrical units, that is, molecules such as would be produced by the
packing of a number of coaxial helical chains. The report concludes
as follows: “The results suggest a helical structure (which must be
very closely packed) containing probably 2, 3 or 4 coaxial nucleic
acid chains per helical unit and having the phosphate groups near
the outside.”

* For example, although both the A and
B types of X-ray patterns given by DNA
fibres are discussed, it is not stated that
it was Franklin who discovered the B
structure and also took the particular
photograph referred to by Watson in the
passages quoted by Hamilton. Likewise
her role in demonstrating the validity of
the Watson-Crick model for both the B
and A forms—once it had been proposed

—is not brought out: ref. 4 is omitted.
Hamilton refers, like Watson, to her
‘“‘anti-helical’’ view, a term which does
not fairly reflect her attitude from about
the end of 1952 onwards. This might be
more accurately described as one of
questioning; the question being whether
the structure of B—undoubtedly helical
in her view—also applied to the crystal-
line structure A.
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It must, however, be remembered that the patterns she was deal-
ing with were fibres or rotation photographs in which the inherent
three-dimensional data are to be had only in two-dimensional form,
leading to certain possible ambiguities of indexing of the patterns.
As she proceeded with the collection of quantitative data, she
noticed in 1952 that there might be a very definite asymmetry in the
form function of the molecules in the crystal and therefore in this
structure itself. If this were the case the structure could not be heli-
cal unless the helix were considerably distorted. Franklin also
appears to have been greatly influenced in this back-tracking from a
helical structure by the discovery? of double orientation of the crys-
tallites in a fibre of the A form. It seemed unlikely to her that this
phenomenon could have occurred at all if the individual molecules
had a high degree of symmetry about the fibre axis. Furthermore,
she had earlier observed that during the change “crystalline to wet”
(that is, A—B, in the later terminology) a considerable increase in
length of the fibres occurs, and in the annual report referred to here
she is careful to state that “the helix in the wet state is therefore pre-
sumably not identical with that [my italics, A. K.] of the crystalline
state”. With this caveat in her mind, it was quite natural in the con-
text of the new observations to think that the A structure might not
be helical at all and to explore structures that were not helical.

Her premises can be summarized as follows: although there were
clearly helices present in the B structure, these might be so distorted,
or even undone, by the intermolecular bonds in the crystalline A
structure that she had to consider non-helical structures. But a plau-
sible A structure would have to satisfy certain criteria which her
own investigations on the A and B transition had established,
namely, that, whatever happened to the chains, the transformation
must be reversible, and the phosphates must lie on the outsides, that
is, towards the water, in all arrangements.

Her notebooks for the winter of 1952—53 show her considering a
variety of structures including sheets, rods made of two chains run-
ning in opposite directions with interdigitated bases and also a pseu-
dohelical structure with non-equivalent phosphate groups which
looked like a figure of eight in projection. In January 1953 she
began model-building to limit the structures to stereochemically pos-
sible ones; she attempted to fit these structures to the three-dimen-
sional Patterson function of the A form which had been calculated
in 1952. This had told her that there were phosphate groups lying
57 A apart in certain directions. What a Patterson function (by its
nature) could not tell her directly was whether these vectors
referred to phosphates on the same or different chains. Not surpris-
ingly, however, none of these structures fitted the Patterson. Further-
more, some of them could be ruled out by reference to the B form
which was also constantly in her mind. In her notebooks we see her
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shuttling backwards and forwards between the data for the two
forms, applying helical diffraction theory to the B form and trying
to fit the Patterson function of the A form. We also find her trying
to fit in the bases, using Chargaff’s analytical data, and returning
again and again to the densities and water contents of both forms
from which information she checked the number of chains. At the
same time she was trying to solve the Patterson directly by superpo-
sition methods.?

By February she knew that there were two chains per unit cell in
the A structure and she was considering a structure with eleven
nucleotides per chain. But, although she knew that there were ten
nucleotides per helical chain of the B structure, and that there were
very likely two such chains in the B helix, she did not see the rela-
tion between the two structures, perhaps because she could not
extricate herself readily from her deep commitment to solving the
Paterson funcion without a priori assumptions, a course which
required consideration of non-helical structures. The answer, which
she did not arrive at before the Watson-Crick model was proposed,
is, of course, surprisingly simple. Both structures are helical and
related in a simple manner as I have described.

There is, of course, no telling what would have happened had the
Watson and Crick structure not intervened, but I would venture to
suggest that she would finally have seen—and perhaps not much lat-
er—the relation between the A and B forms. Whatever might have
happened, one can see that the “anti-helical” view was not a fad or
“mere perversity”. The stage reached by Franklin at the time is a
stage recognizable to many scientific workers, when there are appar-
ently contradictory, or discordant, observations jostling for one’s
attention and one does not know which are the clues to select for
solving the puzzle. As Watson’s book has made clear, there was no
inexorable logic on the part of any of the protagonists leading
directly to the solution. For example, a question that might have
been put at the time was which of the forms of DNA, A or B, was
the one more closely related to DNA in its natural state. There must
be some intramolecular rearrangement in the A and B transition.
Was one of the two structures more fundamental than the other?
With the benefit of hindsight the answer is obvious, namely, the
one closer to DNA in solution, that is, the wet or B form which
shows no further changes in structure as the hydration is increased
right until the stage when the DNA passes into solution. It should
be added that, near the end of 1952, Wilkins and Randall
reported!? a similarity between the X-ray photographs of sperm
heads and those of fibres of pure DNA, but the periodicities were not
sharply defined and no assignment to one of the two known—but as
yet unpublished—forms was reported. The sperm head patterns
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were not classed as B until later.” It seems fair to conclude that
there was no compelling experimental evidence on the biological
side to persuade Franklin to switch her principal analytical effort
from the A to the B form.

But if, for a time, Franklin was moving in the wrong direction in
one aspect, then there are clear indications that equally she was
moving correctly in another. In the first paper! Franklin also gave
attention to the problem of the packing of the bases. She discussed
the existence of small stable aggregates of molecules linked by
hydrogen bonds between their base groups and with their phosphate
groups exposed to the aqueous medium. She discusses the obvious
difficulty of packing a sequence of bases which follow no particular
crystallographic order and the state of her thinking can be seen in
the following extract from her March 1953 paper:

“On the other hand it also seems improbable that purine and pyr-
imidine groups, which differ from one another considerably in shape
and size, could be interchangeable in a structure as highly ordered
as solution A. A possible solution, therefore, is that in structure A
cytosine and thymine are interchangeable and adenine and guanine
are interchangeable, while a purine and a pyrimidine are not. This is
suggested by the remarkably similar crystal structures found by
Broomhead (1951) for adenine and guanine hydrochlorides. In this
way an infinite variety of nucleotide sequences would be possible, to
explain the biological specificity of DNA.”

Base interchangeability is, of course, a long way from the final
truth of base pairing, but in the context of the crystallographic anal-
ysis in which Franklin was engaged—an analysis which could pro-
vide a solution to the regularly repeating parts of the structure—the
idea would have been essential to fitting in the variable parts. In his
book Watson wrote that Franklin’s “instant acceptance” of the Wat-
son-Crick model amazed him at first. But he went on to say that on
further reflexion it was not so surprising to him. It is not in the least
surprising when one studies her papers and notebooks and realizes
how close she herself had come in the progress of her work—albeit
in disconnected fashion at different times—to various features of the
structure contained in the correct solution.

Papers by R. E. Franklin and R. G. Gosling

1. The structure of sodium thymonucleate fibres. I. The influence of water
content. Acta Cyst., 6, 673 (1953).

2. The structure of sodlum thymonucleate fibres. II. The cylindrically sym-
metrical Patterson function. Acta Cryst., 6, 678 (1953).

Molecsugar configuration in sodium thymonucleate Nature, 171, 742

U)

4, Evidence for 2-chain helix in crystalline structure of sodium desoxyribonu-
cleate. Nature, 172, 156 (1953).

5. The structure of sodlum thymonucleate fibres. III. The three-dimensional
Patterson function. Acta Cryst., 8, 151 (1955).
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GUNTHER S. STENT

A Review of the ReviewsT

By the fall of 1968 there had appeared a flood of reviews of The
Double Helix, in scientific journals as well as in general circulation
newspapers, almost all of them written by scientists. These reviews
turned out to furnish as much insight into the sociology of science
and the moral psychology of contemporary scientists as did the book
itself. As study of the sample of the reviews reprinted here reveals,
in his “Personal Account of the Discovery of the Structure of
DNA” Watson had done more than give his readers a view from the
inside of what it means personally to be involved in one of the
greatest scientific discoveries of our time. No, Watson had managed
(quite unwittingly, of course) to provide also a diagnostic test story,
in the genre of Lawrence Kohlberg’s tale of “Penniless Heinz and
the Mean Druggist.” (That story presents the dilemma of a good
husband who steals the medicine needed to save the life of his
gravely ill wife. And by their reactions to the story Kohlberg gauges
the level of moral development of his subjects.) Thus, some of the
reviewers of The Double Helix revealed naiveté and self-righteous-
ness, by proclaiming that Watson had shown a lack of moral fiber
and by rejecting indignantly as either untrue or corrupt his picture
of the process of scientific creativity. Other more sophisticated re-
viewers, however, recognized that Watson had made a major contri-
bution to dispelling the myth that scientific research represents the
movement of disembodied intellects toward discovery by inexorable
logical steps, motivated only by the aim to advance knowledge.
Moreover, it transpired that Watson had also provided a diagnostic
test for the competence of literary judgment. Some reviewers pre-
dicted correctly that The Double Helix would become a classic,
whereas others thought that Watson’s story would be forgotten as
soon as the publicity hoopla generated by the Harvard ban of the
book had worn off. (I have the questionable honor of being the very
first critic to fail the literary test, since after reading the privately
circulated Honest Jim draft, I urged Watson not to publish it at all,
for probable lack of interest to a general audience.)

A total of thirteen reviews of The Double Helix are reprinted in
this section. Some of these reviews are favorable, others are unfa-
vorable. Some are superficial, others are profound. But every one of
these reviews illuminates some interesting aspect of the DNA story
itself, or of the nature of the scientific or literary enterprise, or of

+ Parts of this section are from “What peared in Quarterly Review of Biology,
They’re Saying About Honest Jim” by Vol. 43, No. 2 (June 1968), pp. 179-84.
Gunther S. Stent, which originally ap-
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what scientists and nonscientists think about science, or of the per-
sonality of the reviewers, of which many have themselves made sub-
stantial contributions to science. In addition to the reviews, this sec-
tion also contains reprints of letters to the editor of Science by Pe-
rutz, by Wilkins, and by Watson, in which the status of the “Randall
Report” is clarified.

The first of the reprinted reviews is undoubtedly the most impor-
tant in terms of its widespread distribution to millions of readers. It
appeared in the now defunct mass-circulation weekly, Life, and is
signed by Philip Morrison, the book review editor of the Scientific
American. His review is surprisingly inaccurate and shallow for a
person of Morrison’s stature. The review evokes a false impression
of gentility and niceness, qualities whose absence from The Double
Helix form one of its most striking features. Thus, Morrison reports
that Rosalind Franklin is “rightly and warmly praised for her X-ray
work,” whereas one of the chief points of Watson’s story is that
Franklin’s stubbornness was a major obstacle to Wilkins's working
out the structure of DNA. And it is very funny that Morrison tells
his Life readers that Watson’s “‘story should kill the myth that great
scientists must be cold, impersonal and detached,” when André
Lwoff, in his review in the Scientific American (which Morrison pre-
sumably commissioned), attributes these very characterological
traits to Watson. As we shall see, precisely those features that Mor-
rison misrepresented loom large in the considerations of almost all
other reviewers.

The second reprinted article, written by the pseudonymous F. X.
S. for the British monthly Encounter, is no more a critical review
than is Morrison’s. It is a brilliant (and obviously contrived) per-
sonal reaction, full of verbal pyrotechnics, to a reading of The Dou-
ble Helix. (“F. X. S.” has not yet revealed his identity, but the in-
formed guess at Cambridge is that the article was written by a thirty-
nine-year-old Fellow of Churchill College, who was a contempo-
rary of Watson’s at the University of Chicago in the 1940s and who
is not a scientist at all but a literary scholar.) The juxtaposition of
these first two articles illuminates dramatically the intellectual chasm
that separates the lowbrow culture of the late Life from Encounter’s
highbrow style. Indeed, I suspect that many of F. X. S.’s broad-
ranging, multilingual allusions were too esoteric even for most En-
counter readers. How many of them could have known, for in-
stance, that “O, Du armer Jim, das gibts nur einmal, das kommt
nicht wieder” alludes to a song on the Hit Parade in the Weimar
Republic’s final days, from the 1931 UFA movie “Der Kongress
tanzt"?

Richard Lewontin’s article, written for the tabloid Chicago Sun-
Times, whose readership is probably no more highbrow than was
that of Life, shows that it is possible to discuss The Double Helix
with a mass audience at an other than wholly superficial level. To be

honest, I must confess that Lewontin’s opinion that Watson’s ac-
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count is the scientific counterpart to Frangoise Gilot's Life With Pi-
casso more or less matches what I myself wrote to Watson privately
after reading his Honest Jim draft. Lewontin finds (as did I) that
“both books have a great deal to say about the idiosyncracies and
petty details of the life of creative people, and so pander to vulgar
curiosities about celebrities. In this respect, they are the movie mag-
azines of the intelligentsia. [But] since many more people know and
are curious about Picasso, Matisse, Cocteau and Braque than about
Max Perutz, John Kendrew and Sir [sic] Francis Crick, Mlle. Gilot
will probably make a lot more money than Watson.” Evidently Le-
wontin’s literary judgment was as defective as my own: Life With
Picasso long ago reached the publishers’ remainder tables, whereas
The Double Helix is still going strong. However, Lewontin recog-
nizes that out of the “petty details” provided by Watson there
emerges a true picture of the scientific life as a “‘competitive and ag-
gressive activity, a contest of man against man that provides knowl-
edge as a side product.” Lewontin conjectures that Watson might
have been lucky enough never to start out with phony ideas about
the scientist as a selfless humanitarian, because the Warner Brothers’
movies in which Edward G. Robinson, and Paul Muni portray a
mythical Paul Ehrlich and a mythical Louis Pasteur respectively did
not play Chicago during Watson’s boyhood. Alas, I am able to re-
fute that conjecture, since I saw both films in Chicago during my
last year at Hyde Park High. Unfortunately, so thinks Lewontin, the
true picture painted by Watson will be accessible only to scientists
and not to laymen, because Watson’s text is too technical and re-
quires scientific literacy. So, here is another reason why Lewontin
expected Mlle. Gilot to outsell Watson. Lewontin’s final point is of
considerable philosophical interest. He observes that by destroying
the myth of the noble scientist, and thus the image of the Nobel
Prize as the ultimate reward for personal virtue, Watson debases the
currency of his own life. But here Lewontin does not seem to appre-
ciate the nature of Faustian man: in constantly measuring himself
against the infinite, and thus never being satisfied, Faustian man
cannot rest on his laurels. He must always strive, preferably against
impossible odds, for yet higher achievements, even if it entails the
destruction of all that was once held dear. And to what higher
achievement can one aspire after having been anointed a Great Sci-
entist? To make it as a Great Writer.

Mary Elimann’s article was written for the Yale Review. It opens
ringingly with the statement that The Double Helix, a “slight book.”
is remarkable ‘“for its demonstration of the scientist,” in conform-
ance with “American preconceptions of that cultural figure.” But Ell-
mann’s article does not really deal with the concrete scientific issues
of Watson’s book. What seems to interest her is not science but its
social implications, a subject on which, unfortunately for him, Wat-
son loses few words. So few, in fact, that Ellmann’s attribution to
him of the scientistic credo that “the more problems we solve, the
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better life must be” seems not to flow from the book. Possibly Ell-
mann confuses Watson with Crick, who in his 1966 book, Of Mole-
cules and Men, has voiced some such scientistic views. The fact that
Watson was “only seventeen at the time of Hiroshima” might have
been seen as an extenuating circumstance for his failure to mention
in his story that “countries experiment in nerve gasses and stockpile
diseases as they do nuclear weapons.” All the same, Ellmann finds
Watson “deficient in sensibility” for not considering in The Double
Helix the social consequences (such as what she calls “gene-wash-
ing”) of his discovery. She also raises the issue of feminism, aver-
ring that Watson disliked Rosalind Franklin, not because (as he says
in the book) he found her hard to get along with, but because she
refused to exert feminine charms and, though a mere woman, had
the temerity to study DNA like a man.

In his short article, the molecular biologist Robert Sinsheimer
finds that Watson’s account of the discovery of the structure of
DNA *“lucid, honest, suspenseful.” But he is shocked by the descrip-
tion of the “private world of J. D. Watson during these historic
events.” This world is “unbelievably mean in spirit, filled with dis-
torted and cruel perceptions of childish insecurity.” And what is
worse, Watson writes as if the rest of humanity sees this same world
“of intense ambition—for the mundane prize, not the advancement
of truth nor the service of humanity.” Sinsheimer then provides
eight direct quotations from The Double Helix to document Wat-
son’s meanness. Unfortunately, however, Sinsheimer does not trou-
ble to explain whether the allegations made by Watson in any of
these quotations are actually false, or whether they are true and that
a person less mean than Watson would have kept quiet about them
(the latter, as we shall see, is actually the position taken by André
Lwoff). After all, Ellmann’s opinion was that Watson’s picture of
the scientist is in conformance with American preconceptions of
that cultural figure and Lewontin’s opinion was that the common
preconception is the exact opposite of Watson’s but false. So Sins-
heimer cannot take it for granted that the justice of his apodictic crit-
icism is self-evident. He does declare, however, that his own experi-
ence in the scientific enterprise has not at all been that of a “clawing
climb up a slippery slope . . . with malice toward most and with
charity for none.” And he is worried that what the high school stu-
dent will think when he reads The Double Helix will do far more
harm than we can soon undo with sincere words about the humane
and esthetic qualities of science.”

Now we reach an even more hostile article written by John Lear,
then science editor of the Saturday Review. Lear begins his review
by saying that “this book is being acclaimed as the Pepys diary of
modern science.” He then sets out to prove that this acclaim is un-
justified because Watson, unlike Samuel Pepys, was not secretary of
the British Admiralty and neither participated in the restoration of
Charles II nor endured the visitation of London by the plague. Also,
Watson’s writing style, according to Lear, has little distinction. So

ERRMIE =

s
1
!
:?

T et ¥y

A Review of the Reviews - 165

how can “The Double Helix” resemble Pepys’s diary? Good points,
those! Lear does not bother to state, however, who has actually
made the claim he troubles to demolish. Surely not Sir Lawrence
Bragg, who, in his foreword to The Double Helix, merely suggests
that Watson “writes with a Pepys-like frankness.” Indeed, it seems
to be precisely Watson's frankness that caused Lear to wonder
“what qualities of achievement [Watson’s] Nobel award was in-
tended to celebrate.” Was it, as “Watson reveals with no apparent
regret, his hope that his pretty sister would serve as a romantic
decoy in obtaining otherwise inaccessible information essential to his
research . . .” or his use of “his young friend Peter Pauling to spy
on Pauling’s brilliant father Linus . . .” or “his attempt to bully a
proud woman scientist into discussing details of her X-ray studies of
DNA”? If it really was the intention of the Nobel committee to cel-
ebrate these particular qualities, then it made a serious mistake, for
Watson wrote that he merely hoped that Maurice Wilkins’s interest
in Elizabeth Watson might allow him to join Wilkins’s research
group; that Peter merely told him that Linus had worked out a
structure of DNA and later showed him the by no means secret
manuscript describing this structure; and (in the lengthy passage
quoted by Lear) that he was merely trying to escape from the labor-
atory of Rosalind Franklin, who, he feared, was about to strike
him. Surely instances of more substantial villainy could have been
made known to the Nobel committee.

Lear, like Sinsheimer, is worried that The Double Helix may have
a corrupting effect on the impressionable minds of high school and
college students, who, in their idealism, may turn away from becom-
ing scientists once they learn how Watson gained his Nobel Prize by
knavery. “Fortunately for the future of science, they will acquire a
certain amount of perspective from the knowledge that the two men
who got the 1962 prize with Watson objected to the text of The
Double Helix with sufficient vigor to encourage the university press
of his home campus—Harvard—to abandon the book’s publica-
tion.” Though Lear’s idea of inspiring idealistic youths through pre-
venting the publication of books may not be mainstream Saturday
Review thought it certainly is familiar to John Birch Society adher-
ents. Lear tries to tell the history of genetics, in order to show that
Watson’s forerunners, such as Darwin, Mendel, Miescher, and Mor-
gan, were all modest fellows who, unlike Watson, did not claw their
way to public attention. Lear does not have his facts quite straight.
He falsely asserts that “it was the great Charles Darwin who first
aroused wide interest in inheritance by promulgating the theory of
evolution.” In fact, such “wide interest” came only at the turn of
this century with the rediscovery of Mendel’s work, for which redis-
covery the study of development rather than evolution paved the
way. Equally groundless is Lear’s statement that Darwin did not
learn of Mendel’s laws of inheritance because Mendel “had as little
interest as Darwin did in personal aggrandizement.” For Mendel is
known to have sent out reprints of his papers to several leading biol-
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ogists of his day, who simply did not grasp the significance of his
work. And contrary to Lear’s assertion, it was not the “Darwinian
sense of fair play [that] required simultaneous publication with
Wallace” but the Darwinism fear of getting scooped. Finally, Lear
attributes chemical mutagenesis to Morgan, which was, in fact, dis-
covered by Auerbach and Robson when Morgan was 75 years old.
In any case, even if Lear’s account were accurate, all it would
prove is that Watson’s predecessors did not write their “Double
Helix,” no more than did Watson write Pepy’s diary. In a final
twisting of his blunt knife, Lear suggests that Watson’s contribution
to the discovery of the DNA structure was not all that great any-
way. It was obvious, he intimates, that “there would be in the DNA
molecule a spiral stairway with steps in a particular order. The ques-
tion that remained to be decided was whether the step-plates were
within or outside the spiral.” This, of course, is a factious distortion
of the ideological situation facing Watson and Crick at the outset of
their work. At that time the idea that DNA encodes genetic infor-
mation in the form of a particular nucleotide (or step-plate) order
was virtually unknown and it was even less apparent that this order
is embodied in a helical, let alone double helical, molecule. I wonder
what effect Lear’s review will have on impressionable minds consid-
ering book-reviewing as their life’s work. His gall will surely turn off
the critical aspirations of any idealistic kid.

Unlike Lewontin and myself, two future best-selling scientists—
Alex Comfort (of The Joy of Sex) and Jacob Bronowski (of The
Ascent of Man)—ertainly did not fail the test of judging the even-
tual popular appeal of The Double Helix. Both immediately recog-
nized that Watson had written a classic. Comfort finds Watson’s ac-
count tactless, but (and this is crucial from the moral, and indeed
from the legal point of view) never malicious. Moreover, Watson’s
tactlessness is redeemed, as is Pepys’s, by not sparing the author
himself. Comfort does not seem to admire Watson as a person but
he does appreciate Watson’s attainments as a writer. By giving us
this exciting, eminently readable story with the panache of a bril-
liant novelist, Watson has graduated as a major literary talent. “We
could do worse than give him a second Nobel gong for literature.”
And Bronowski wrote his good-natured and civilized review just be-
fore he became everybody’s favorite scientific uncle for displaying
just those endearing qualities in his enormously popular television
series. Bronowski evidently saw the private circulated earlier draft
of The Double Helix, because he notes with some regret that the
published version has been “bowdlerized here and there” as a result
of objections raised by some of the main protagonists of Watson’s
story. Nevertheless, Bronowski finds, though some of “the small
darts of fun and barbs of malice” are gone, the book has not lost its
savor. It still remains “a classical fable about the charmed seventh
sons, the anti-heroes of folklore who stumble from one comic mis-
hap to the next until inevitably they fall into the funniest adventure
of all: they guess the magic riddle correctly. Though the traditional
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parts of Rosalind Franklin as the witch and Linus Pauling as the
rival suitor have been toned down . . ., they are still unmistakably
what they were, mythological postures rather than characters.”
Bronowski finds that Watson has managed to tell that fairy tale with
the quality of innocence and absurdity that children have. “The style
is shy and sly, bumbling and irreverent, artless and good-humored
and mischievous. . . .” But maybe Watson is not all that artless after
all, since Bronowski also recognizes him as playing Boswell to
Crick’s Dr. Johnson—“monumentally admired, and (every so
often) scored off.” (Fortunately, it seems Lear had not gotten wind
of the Watson-Boswell analogy).

Bronowski finds that the importance of Watson’s book transcends
the mere telling of a good story, however, in that “it communicates
the spirit of science as no formal account has ever done. . . . It will
bring home to the nonscientist how the scientific method really
works: that we invent a model and then test its consequences, and
that it is this conjunction of imagination and realism that constitutes
the inductive method.” Another important general point brought out
by the book is the importance of ruthless criticism for the progress
of science: . . . if you cannot make it and take it without anger,
. .. then you are out of place in the world of change that science
creates and inhabits.”

Finally, Bronowski expands his considerations of The Double
Helix to the general contemporary scene. He asserts that “its two
happy, bustling, comic anti-heroes are new in literature today, and
yet they should be a model for it, because they run head-on against
the nostalgia for defeat which haunts the writer’s imagery of action
now.” Bronowski does “not suppose ‘The Double Helix’ will outsell
Truman Capote’s ‘In Cold Blood’ but [thinks that] it is a more
characteristic criticism and chronicle of our age, and [that] young
men will be fired by it when Perry Smith and Dick Hickock no
longer interest even an analyst.”

We now return to hostile reviewers, with the article by Conrad
Waddington, an embryologist-geneticist with wide-ranging interests.
Among Waddington’s many writings on the social and cultural im-
pact of science there are also books on the relation of science and
art. Thus being up on the artistic scene, Waddington, like Lewontin,
sees The Double Helix as being comparable to Frangoise Gilot's
Life with Picasso. (The social sets of the two books, it may be
noted, have meanwhile intersected, at the Salk Institute in California,
where Francis Crick is now working and Mille. Gilot resides as Mrs.
Jonas Salk, the founder’s wife.) Waddington finds that when it
comes to egocentricity, the rather unfavorable portrait painted by
Mile. Gilot of Picasso pales in comparison with how Watson pic-
tures himself in his own account. To find in the world of painting
anything like Watson’s maniacal egocentricity one must look to the
autobiographical works of Salvador Dali. (Maybe that explains why
Dali became a great fan of Watson and Crick, and wrote later that
with their DNA structure they delivered the real proof of the exist-
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ence of God.] Waddington criticizes Watson’s account as not giv-
ing an accurate picture of the process of scientific discovery. He
makes it look all too easy. But the main objective of Waddington’s
article presently emerges as being not a review of the book at all,
but a debunking of the widely held notion that the DNA double
helix is the most significant discovery since Darwin or Mendel.
What happened was simply that the structure of DNA turned out to
be enormously more suggestive than Watson and Crick had a right
to expect, and although the incisive intelligence of Crick [mind you,
not of Watson!] later led to an almost fantastic efflorescence of new
biological understanding, working out the double helix in 1953 does
not rank very high as scientific creation goes. Why not? Because, so
Waddington informs his readers, the real intellectual breakthrough
of molecular biology was made in the 1930s by a few far-sighted
persons, among them Waddington himself. Watson and Crick
merely stood on the shoulders of giants like Waddington when they
saw that the little puzzle of the DNA structure would be fun to
solve. So it is nonsense to claim that there is any resemblance be-
tween the discovery of the double helix and the discoveries of Dar-
win, Einstein or Planck [who had no such luck as having a Wad-
dington to point their way and had to do all their original thinking
for themselves). Toward the end of his article Waddington indulges
in some Monday morning hindsight quarterbacking when he sug-
gests that Watson lacked an intuitive understanding of his material.
How so? Because, as Watson tells it, at one time he and Crick con-
sidered a three-stranded structure of DNA, when the very idea of
threes would make one’s (i.e. Waddington’s) biological intuition
shudder. It is regrettable that Waddington, some of whose writings
are admirable—I am convinced that his 1959 book on embryology,
The Strategy of the Genes, is due for a revival—permitted himself
to write such a transparently petulant piece.

There is a certain affinity of spirit between Waddington's article
and a review by Erwin Chargaff, professor of Biochemistry at Co-
lumbia University, that appeared in the March 29, 1968 issue of
Science. (Our request for permission to reprint his review was, un-
fortunately, refused by the author.) Chargaff, as discoverer of the
compositional adenine-thymine and guanine-cytosine equivalence in
DNA, has an important part in the story told by Watson. To some
readers, unfamiliar with Chargaff's speeches and writings, his review
must have seemed surprisingly sarcastic; to other readers, aware of
Chargaff’s long-standing lack of appreciation for the achievements
of Watson and Crick in particular and for the working style of mo-
lecular biology in general, the review may have seemed unexpect-
edly mild. At the very outset Chargaff plays one of his old gambits:
stating, en passant, that Watson and Crick “popularized” purine-pyr-
imidine base pairing in DNA. Readers familiar with Chargaffs Es-
says on Nucleic Acids, will understand that this parlance is to imply
that he, Chargaff, and not Watson and Crick, really discovered
base-pairing. But if Chargaff did discover base-pairing before Wat-
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son and Crick, then not only did he not “popularize” it, but he did
not claim to have discovered it until well after it had become popu-
lar. (In a lecture presented in various European cities in 1949 and
published in Experientia, 6:201 [1950] Chargaff made tbe_follow-
ing statement: “It is, however, noteworthy—whether this is more
than accidental cannot yet be said—that in all deoxyribose nucleic
acids examined thus far the molar ratios of total pyrimidines, and
also of adenine to thymine and of guanine to cytosine, were not far
from 1.” The term “base pairing,” or any remotely equivalent struc-
tural concept, did not appear in Chargaff’s published account of that
lecture. However, by 1963, in the index and on page 164 of Essays
on Nucleic Acids, this statement had come to represent the first an-
nouncement of “base-pairing regularities in DNA.”)

Chargaff finds that though Watson is not as good a writer of gar-
rulous prose as Sterne, he has managed to pull off a “sort of molec-
ular Cholly Knickerbocker” (Lear was only willing to rank Watson
with Walter Winchell). Chargaff thinks that habitual readers of gos-
sip columns will like the book immensely, because it tells them all
about the marital difficulties, the kissing habits, and the stomach
troubles of distinguished scientists. Such readers can also accompany
the founders of a new science as they run after the “Cambridge pop-
sies.”

Like Lear, Chargaff is bothered by the Pepys diary analogy, but,
unlike Lear, he does quote Bragg’s foreword. What is significant for
Chargaff in this connection is that Pepys, unlike Watson, did not
publish his frank observations during his lifetime. Chargaff seems to
imply, without actually saying so overtly, that publishing frank im-
pressions of one’s contemporaries is rather poor taste, though he
does admit that he is not above enjoying some of Watson’s releva-
tions about Crick. In fact, he regrets that the double helix was not
discovered ten years earlier, since he finds that some of the ep150dgs
could have been excellent material for a Marx Brothers movie.
Chargaff says that “as we read about John and Peter, Frar.lcis”and
Herman, Rosy, Odile, Elizabeth, Linus, and Max and Maurice,” we
may frequently have the feeling of peeping through a keyhole,
seeing things that are none of our business. Admittedly, t.hxs may be
unavoidable in an autobiography; but then in the rendering of such
Peeping Tom scenes the intensity of vision ought to redeem the ba-
nality of content. He finds that this basic literary requirement is not
met by Watson’s book. For that reason, its appeal is bound to be
limited to one of those “multiple cliques” that more and more have
come to dominate the sciences in our days.

Chargaff declares, with some justice, that Watson’s book belongs
to the realm of scientific autobiography, a most awkward literary
genre. Most such books, he says, give “the impression of having
been written for the remainder tables of bookstores, reachmg_them
almost before they are published.” The reasons for this, according to
him, are not far to seek: scientists “lead monotonous and uneventful
lives and . . . besides, often do not know how to write.” Moreover,
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scientists write their life’s history usually after they have retired, at a
time when they feel that they have not much else to say. In this re-
gard, at least, Chargaff conceded that Watson’s book is quite an ex-
ceptional member of its genre. The Double Helix begins when Wat-
son Was twenty-three, ends when he was twenty-five, and was writ-
ten when he was 40. But Chargaff attempts also to provide a more
general reason for the triteness of scientific autobiographies, namely
that whereas Timon of Athens could not have been written and Les
Demoiselles d’Avignon could not have been painted had Shake-
speare and Picasso not existed, in science the rule is that “what A
does today, B or C or D could surely do tomorrow.” Quite apart
from the intrinsic impossibility of subjecting this view of artistic and
scientific evolution to any test, and hence quite apart from its nuga-
tory historicism, Chargaff surely realized that the foundation of
great writing is depth rather than uniqueness of experience. In any
case, he implies that Watson and Crick’s contribution was not ail
that crucial. According to Chargaff, quite a bit was known about
DNA already when they found its structure. For instance, the dis-
covery (he means his own discovery) of the “base-pairing regulari-
ties” pointed to a “dual structure,” and Pauling’s discovery of the
a-helix had prepared the mind for the interpretation of the X-ray
data produced by Wilkins, Franklin, and their collaborators at King’s
College. And without these data, it goes without saying, no formula-
tion of the DNA structure would have been possible. Unfortunately,
since by 1953 Chargaff had still kept his discovery of “base pairing”
to himself, Pauling had misinterpreted the DNA X-ray data in terms
of a triple structure.

Chargaff, like Bronowski, closes his review with a wistful look at
the Good Old Days, compared to which Things Have Now Gone to
the Dogs. But what a difference in their views of past and present!
Bronowski, on the one hand, sees Watson and Crick as chips off the
old block, ambitious, hard-working, adventurous, and optimistic, in
felicitous contrast to the defeatist New Generation. Chargaff, on the
other hand, considers them typical of the “new kind of scientist,”
who “could hardly have been thought of before science became a
mass occupation, subject to, and forming part of, all the vulgarities
of the communications media.” Chargaff does not spell out his ideas
of the “old kind of scientist,” though I suspect that what he has in
mind is Paul Muni playing the part of “Louis Pasteur.”

Chargaff’s article in Science elicited the letters to the editor by
Max Perutz, Maurice Wilkins, and Watson reprinted here. In his
review, Chargaff had quoted the passage from The Double Helix in
which Watson describes how he and Crick got access to the data of
the King’s College group because Perutz showed them Randall’s re-
search report to the Medical Research Council. This by now famous
episode is one of the best remembered in the whole story and looms
large in all of the counts of dishonesty on which Watson was in-
dicted by his moral censors, such as Sinsheimer and Lear. The ap-
pearance of Chargaff’s review in a scientific journal that accepts edi-
torial correspondence thus gave Perutz the opportunity to clear his
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name in connection with this episode. In his letter, Perutz not only
presents a full historical account of the circumstances that generated
the report but also provides the relevant passages from the original
report (the appendices containing the verbatim extracts from the re-
port have not been reprinted here). Perutz shows that the report
was in no way confidential and hence that he was not guilty of a
breach of faith by having shown it to Watson and Crick. Moreover,
the report contained no information critical to the discovery of the
DNA structure that Wilkins had not already communicated pri-
vately to Watson and Crick or that they could not h?v’e obtained
from Watson’s earlier attendance of Rosalind Franklin’s seminar.
Wilkin’s letter provides further details about the scientific substance
of the report. And Watson apologizes to Perutz for not having made
it more clear in his book that the report was not, in fact,.conﬁden-
tial and thus that he unwittingly permitted Chargaff to misconstrue
badly Perutz’s actions. Nevertheless, Watson insists, seeing the re-
port, confidential or not, was an important factor for h1§ and Crlck. S
success, not least because the London group was not quite as free in
communicating their data to the Cambridge group as Perutz now
implies. ' ) ) ) o
Finally we reach three reprinted articles in which substantial is-
sues raised by The Double Helix are discussed in some depth. The
first of these reviews was written by Robert Merton, generally re-
garded as the foremost student of the sociology of science, if not as
the founder of that specialized discipline. Merton finds that this is
not just one more scientific autobiography, in that Watson is de-
scribing the events that led up to one of the great biological discov-
eries of our time. This finding is thus in stark contrast to that of
Chargaff, who views Watson mainly as a successful popularizer of
notions that were already in the air, or to the opinion of Wadding-
ton, who sees Watson as having solved a little problem that he and
others had formulated in the 1930s. Merton says that he knows of
nothing quite like it in all of the literature about scientists at work.
Furthermore, since Watson is “telling it like it was,” or at least as it
seemed to the then youthful Jim, the book is an important contribu-
tion to scientific historiography. “The public record of science tends
to produce a mythical imagery of scientific work, in which disem-
bodied intellects move toward discovery by inexorably Ioglcag’ steps,
actuated all the while only by the aim to advance knowledge.” Wat-
son sets this record straight, in showing “a variety and confusion of
motives, in which the objective of finding the structure of DNA is
intertwined with the tormenting pleasures of competition, contest
and reward. Absorption in the scientific problem alternated with pe-
riodic idleness, escape, play and girl-watching. Friendship and
hostility between collaborators [were] expressed in a nagging yet
productive symbiosis in which neither could really do without the
special abilities of the other. And all this engaged not only the
passion for creating new knowledge but also the passion for recog-
nition by scientific peers and competition for place. _
Merton understands rather more about the sociology and history
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of science than do Sinsheimer, Lear and Chargaff, for he signals
that competition and property rights in science are as old as modern
science itself. (By “modern” I imagine Merton means “post-Renais-
sance” and not the latter-day period of Chargaff’s “new kind of
scientist.”) The novelty of Watson’s story is merely that he has so
revealingly described this element for the general reader. For it is
important to realize that the operation of the scientific community
cannot be understood from the premise that the advancement of
knowledge is its only institutionalized motive. Why, Merton asks, is
science so competitive? Is it because it “tends to recruit egotistic
personalities, contentious and exceedingly hungry for fame?” No,
“the competitive behavior of scientists results largely from values
central to the scientific enterprise itself. The institution of science puts
an abiding emphasis on significant originality as an ultimate value,
and demonstrated originality generally means coming upon the idea
or finding first. Recognition and fame thus appear to. be more than
merely personal ambitions. They are institutionalized symbol and re-
ward for having done one’s job as a scientist superlatively well.”

The second substantial review was written by Peter Medawar, one
of our few contemporaries who has made scientific contributions of
the first magnitude while at the same time possessing considerable
philosophical and literary skills. Medawar begins his review by ex-
plaining that the significance of the discovery by Watson and Crick
went far beyond “merely spelling out the spatial design of a compli-
cated and important molecule. It explained how that molecule could
serve genetic purposes. . . . The great thing about their discovery
was its completeness, its air of finality. If Watson and Crick had
been seen groping toward an answer, if they had published a partly
right solution and had been obliged to follow it up with corrections
and glosses, some of them made by other people; if the solution had
come out piecemeal instead of in a blaze of understanding: then it
would still have been a great episode in biological history, but some-
thing more in the common run of things; something splendidly well
done, but not done in the grand romantic manner.” Medawar also
points out that in the years following their discovery of the DNA
double helix, Watson and Crick showed the way toward the analysis
of the genetic code and the understanding of how the genetic mate-
rial directs the synthesis of proteins. He finds that “it is simply not
worth arguing with anyone so obtuse as not to realize that this com-
plex of discoveries is the greatest achievement of science in the
twentieth century.”

As far as the sense of keen competition conveyed by Watson’s
story, and the possible shock experienced by lay readers over the
revelation that science is not a disinterested search for truth. Med-
awar is one with Merton in declaring that the notion of indiffer-
ence to matters of priority is simply humbug. For what accomplish-
ment, he asks, can a scientist call “his” except those things that he
has done or thought of first? This does not mean, however, that
meanness, secretiveness and sharp practice are not as much despised
by scientists as by other decent people in the world of ordinary every-
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day affairs. Medawar finds, however, that for a person as priority-
conscious by his own account as Watson, he is not very generous to
his predecessors. Why, in particular, did he not give a little more
credit to people like Fred Griffith and Oswald Avery, whose work
on bacterial transformation had demonstrated that DNA is the ge-
netic material? Medawar’s explanation is that this happened not for
a lack of generosity but for simply being bored stiff by matters of
scientific history. And why is scientific history boring for most scien-
tists? It is boring because “a scientist’s present thoughts and actions
are of necessity shaped by what others have done and thought be-
fore him; they are a wavefront of a continuous secular process in
which The Past does not have a dignified independent existence of
its own. Scientific understanding is the integral of a curve of learn-
ing; science therefore in some sense comprehends its history within
itself.”

I can, however, propose an additional explanation for Watson’s
failure to give what might have seemed proper acknowledgements to
the discoverers of the DNA-mediated bacterial transformation, and
that is that Avery’s discovery of the genetic role of DNA in 1944,
like Mendel’s discovery of the gene in 1865, was “premature.” As
mentioned by Watson, DNA did not make its main impact on mo-
lecular genetic thought until the extension of Avery’s conclusion to
bacterial viruses by Hershey and Chase in 1952. It seems to me that
the reason for this delay is not, as Lear seems to think, Avery’s
modesty, but the difficulty of comprehending how the monotonous
molecule envisaged by the “tetranucleotide” structure of the DNA,
the only structural formulation available in the early 1940s, could
be the carrier of hereditary information. With the abandonment of
the “tetranucleotide” concept in the early 1950s and the recognition
that DNA molecules could harbor different nucleotide sequences,
the way was clear for a simple conception of the genetic code.

Medawar next considers the element of luck in Watson’s quick
rise to world fame at the age of twenty-five. He does not think that
“Watson was lucky except in the trite sense in which we are all
lucky or unlucky—that there were several branching points in his
career at which he might easily have gone off in a direction other
than the one he took.” Thus, according to Medawar, Watson was
lucky to have chosen to enter science rather than literary studies,
thereby allowing his “precocity and style of genius” to be clever
about something important. Watson was also a highly privileged
young man, in that he fell in, before he had yet done anything to
deserve it, with an “inner circle of scientists among whom informa-
tion is passed by a sort of beating of tom-toms, while others await
the publication of a formal paper in a learned journal. But because
it was unpremeditated we can count it to luck that Watson fell in
with Francis Crick, who (whatever Watson may have intended)
comes out in this book as the dominant figure, a man of very great
intellectual powers.”

Considered as literature, Medawar classifies The Double Helix as
the only entry known to him under the rubric Memoirs, Scientific.
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“As with all good memoirs, a fair amount of it consists of trivialities
and idle chatter. Like all good memoirs, it has not been emasculated
by considerations of good taste. Many of the things Watson says
about the people in his story will offend them, but his own artless
candor excuses him, for he betrays in himself faults graver than
those he professes to discern in others. The Double Helix is consist-
ent in literary structure. . . . There is no philosophizing or psychol-
ogizing to obscure our understanding: Watson displays but does not
observe himself. Autobiographies, unlike all other works of litera-
ture, are part of their own subject matter. Their lies, if any, are lies
of their authors but not about their authors—who (when discovered
in falsehood) merely reveal a truth about themselves, namely, that
they are liars.”

Medawar believes that Watson’s book will become a classic, not
only in that it will go on being read, but also in that it presents an
object lesson of the nature of the creative process in science. As
Watson’s story shows, that process involves a rapid alternation of
“hypothesis and inference, feedback and modified hypothesis. . . .
No layman who reads this book with any kind of understanding will
ever again think of the scientist as a man who cranks a machine of
discovery. No beginner in science will henceforward believe that dis-
covery is bound to come his way if only he practices a certain
Method, goes through a well-defined performance of hand and
mind.”

André Lwofl is the author of the third of the three substantial re-
views. Lwoff devotes about half of his long article to a masterful
synopsis of The Double Helix. On that synopsis, Lwoff brings to
bear his long-time acquaintance with Watson (to whom he refers
merely as “Jim,” rather than as “le grand Jim,” as I had learned to
refer to Watson in Lwoff’s laboratory), his insider’s view of the pro-
tomolecular biological milieu that prepared Jim for his discovery,
and—like Medawar—his personal knowledge of what it means to be
a stellar scientist in the Nobel laureate class. Despite a few ironic
barbs, the first half of Lwoff’s review is, on the whole, benign. But
in the second half Lwoff waxes highly critical of Jim, on the basis of
a fundamental ethical point. Lwoff finds that Jim (and presumably
any other writer) is not free to tell the truth (or what he perceives
to be the truth) if that telling inflicts harm on others. For “the
naked truth can be a deadly weapon, even to those who are dead
and have no way to forgive.” Not only are the persons Jim dislikes,
such as Franklin, treated cruelly, but “Jim’s cold objectivity is ap-
plied to persons he likes, admires or respects as it is to crystals or
base pairing. May God protect us from such friends!” So how is it
possible for Jim to have inflicted such grievous harm on his friends
and on the friends of his friends? Because Jim’s brilliant intellectual
gifts are not matched by an equal gift of affectivity. In fact, Lwoff
diagnoses Jim as a case of retarded emotional development. Admit-
tedly, Jim seems to be very fond of his sister and also has some
good feelings about Naomi Mitchison; but as for others, there tran-
spires only indifference. This indifference extends even to things.
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Lwoff is shocked that when Jim gives an account of an excursion
from Naples to Paestum, Jim acts as if when you’'ve seen one
Greek ruin, you've seen ‘em all. Instead of rhapsodizing about the
simple beauty of its temples, as any normal human being ought to,
all that Jim has to say about Paestum is that it is the place where
Wilkins invited Elizabeth to lunch! Lwoff asks us to apply Jim’s
methods to Jim, by which he means subjecting Jim to do-it-yourself
psychoanalysis. What is our diagnosis? Jim’s characteristics are cold
logic, hypersensitivity, lack of affectivity, immaturity, and a slight
tendency toward paranoia.

Here, in my opinion, Lwoff’s review has gone a bit too far. I
think it is most important for the preservation of true literary criti-
cism that criticis refrain from psychoanalyzing authors. For he who
criticizes by psychoanalysis perishes by it. In Jim’s case, the psycho-
logical approach is especially uncalled for, because it is precisely
not his method. Admittedly, Jim paints unfavorable portraits of his
characters from which psychologically inclined readers may draw
their own conclusions (indeed, Chargaff invites them to do so). As
Medawar justly observes, however, Jim never philosophizes or psy-
chologizes. As in all good writing, the psychological insights that
Jim provides are implicit in his art, and not clinically explicit, as
Lwoff would have it. Nevertheless, the ethical dilemma raised by
Lwof is of capital importance for the philosophy of art. Empathy,
or the capacity to have feelings for others, is undoubtedly a pre-
requisite for writing well about people. But empathy also leads to a
loss of artistic freedom. “Friendship,” says Lwoff, “is a millstone
around the neck.” For we cannot write down everything that comes
into our head about a friend. Indeed, compassion ought to restrain
one from writing things that are hurtful even to strangers. Conse-
quently, “good feelings are conducive to bad literature.” Lwoff
does not suggest any resolution of the disturbing dilemma he poses
so clearly. Granted that Jim has the right to write his personal ac-
count of the discovery of the structure of DN A, how should he have
done it? Ought Jim to have spared the feelings of his friends at the
cost of an artistically inferior work? Lwoff does not address these
obvious questions raised by his insight into the morals of art. But
since he does appreciate the literary merit of the book, he finds that
Honest Jim may be forgiven.

PHILIP MORRISON

The Human Factor in a Science First (1968) ¥

Modern organic chemistry began about a century ago when
August Kekulé was dozing atop a London bus and thought he saw
t From Life, March 1, 1968, p. 8. Philip  Technology and book editor of the Sci-
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dancing atoms line up in pairs and threes and long chains. His
dream proved real and provided the theory for an industry that now
makes DDT, high octane, aspirin and red ink. And his experience
—with its insight into the cranky, intuitive leaps by which scientific
discoveries are made, has its 20th century parallel in James Wat-
son’s The Double Helix. This crisp, small book is lively, wholly
brash, full of sharp and sudden opinion, often at the edge of scan-
dal, and tells an even better story than Kekulé’s.

It is the autobiographical account of how Watson, a microbial
geneticist from Indiana working in England in the early ’50s, discov-
ered how DNA molecules look. Watson and his ebullient Cambridge
partner Francis Crick (“I have never seen Francis in a modest
mood”) and their friends and rivals saw that DNA, the substance
which carries instructions for all living cells was a double helix of
long, cunningly fitted atom strings joined by precise cross-plates.

To be sure, there is plenty of clearly put talk about atoms, mole-
cules and hydrogen bombs, but this book is not mainly about sci-
ence. Far from it. Nor is it a book about professors; two or three
appear, as bosses and deciders, usually to be placated or brought
around to sensible decisions. It is about scientists—young ones, bril-
liant, opinionated, catty, with a fine, roving eye for the long-haired
Cambridge popsies.

Only one Big Name plays a lead role—and what a role! He is the
off-stage California master Linus Pauling, whose style our heroes
follow in detail, whose monograph is their text, who must above all
be kept from learning what they have thought up lest he beat them
to it. “We would prefer your not mentioning this letter to Pauling,”
Watson wrote proudly in a letter to California. “When our letter to
Nature is completed we shall send him a copy. . . .” It didn’t work,
of course. Pauling heard the news right away and was thrilled.

The idea for the double helix had to come somehow, in the way
of great new ideas. It came of endless talk and hope and worry, out
of walking the beautiful college backs, out of idle reading of new
books at Heffer's open counters, out of hearing a cosmologist make
a far-out idea seem plausible, out of hearing from the young Ameri-
can expert upstairs that the textbook was probably wrong, or out of
rumors about what Pauling was thinking—relayed by his son Peter
at Cambridge. Once the idea was there, it was tried out in a model
molecule, against which X-ray photos could be checked.

Watson has a sharp eye and honest tongue: “As an undergraduate
. . . I was principally interested in birds and managed to avoid
taking any chemistry or physics courses . . . of even medium
difficulty.” At Copenhagen he learned chemistry from an “obviously
cultivated” man who “was a bright exception” to the narrowness of
biochemists. Rosalind Franklin of London, since dead, is rightly and
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warmly praised for her key X-ray work; she “was not una‘ttrz?ctive
and might have been quite stunning had she taken even a mild inter-
est in clothes. This she did not.”

The book has the air of a racy novel of one more young man
seeking room at the top. Censored movies, smoktad salmon,‘Fretnch
girls, tailored blazers set the stage on which ambition, deft intrigue
and momentary cruelty play their roles. The story should kill the
myth that great science must be cold, impersonal or detached. These
young scientists covet, lust, err, hunger, play and talk about it ‘all
loud, well and long. Another legend dies too: Watson and Crick
deserve their laurels and all the praise they can earn. Yet, had they
never lived, someone, we don’t know who, would have unraveled
DNA in those same years. One of Pauling’s bright graduate students
would have seen Pauling’s mistake (“a giant had forgotten elemen-
tary college chemistry””). Or Rosy Franklin woqld hav‘e bellev?d h‘?r
own sharp pictures. Or . . . The answer was simply in the air. Sir
Lawrence Bragg had forged the X-ray tools 50 years before and
now men know enough about atoms.

This is a book for readers who like science, have a sense.of
humor and are not related to the innocents it shoots down. .Walkmg
in the Alps, an acquaintance asks Watson, “How’s Honest Jim?” Let
one reader answer for him: Fine, just fine.

F. X. S.
Notes of a Not-Watson (1968)t

I too have a dream. To conceive of a class of transcendental
numbers which when added in some n-dimensional space yield more
than their natural sum (@ + b = ¢ + b + x). To be e‘:lected SaY-
ilian or Lucasian professor of mathematics and give my inaugural in
total silence, simply writing out on a series of blackboards set in
semilune around the lecture hall, a proof for Fermat's so-called
last/lost theorem: that it is impossible to find whole number§, Xy
z, which satisfy the equation x» + y* = z» when n is an integer
greater than 2. Which, until this day, has defied all attempts at com-
plete solution. '

Or, on one of those still hot afternoons at the Institute fqr
Advanced Study in Princeton when von Neumann’s ghost walks. (his
was probably the most powerful intelligence in our century), give a
proof for Goldbach’s conjecture that every even number, every last
+ From Encounter, 31 (July 1968), pp. cause of an editorial suggestion in which

60-66. This article originally appeared the author concurred. "{‘he authsr now
under the pseudonym “F. R. S.” be- wishes to be known as “F. X. S.
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one to the curved bounds of the universe, is the sum of two primes.
Or have a space named after me like Banach—not a malodorous
little street or tawdry square, but a space. After which I would go to
some region of high clean mountains, hiding my world fame, but
publishing, now and again, in the Acta Mathematica or the
Gottingen Annalen a very short paper. Short but of a terrible
beauty: like Goedel's “On Formally Undecidable Propositions” of
I931—compared to whose sheer comeliness, sheer coiled spring of
intellect and sensibility the sum of 20th-century art and what passes
for literature since Valéry is very poor stuff—or the brief statement,
brief but rich as trapped plasma, of Steiner’s problem and its com-
plex generalisation (the finding of the shortest straight line connec-
tion between a set of fixed points). My papers would appear
unsigned, sent to the journals in a nondescript manilla envelope
from some October village in the Ticino, but each would be instan-
taneously identified. For the total rigour of theorem and lemma,
for its proud concision of proof. After posting the thing, knowing
that generations of mathematicians, logicians, physicists will pore
over it as they do over the jottings of Gallois or the notebooks of
Euler, I would have myself a woman. A clean, simple being totally
unaware of my fame.

Because I have this dream, who am a mediocre algebraist, who
am a perfectly solid but unexciting scientist (there are more than
four hundred in the Royal Society, too many chosen by friendship
or via that subtle mechanism of flattery which makes a man pro-
mote his imitators and lesser colleagues), because I have this dream
and, on occasion, surrender to its appalling precision of detail—I
can, in my beta mind literally hear the crinkle of the envelope as 1
open the telegram from Stockholm, I can smell the leather and
velvet scent of the blue box in which the Nobel medal lies—because
I am no more than I am and less than I hoped to be, I think hard,
long of those who are the real thing, whose names will last in the
household of the mind. I read about them, avidly. I imagine myself
in their skin of glory—because that is what it is, a skin inside which
their lives have changed and become luminous. (Does a man
remember, remember exactly, the five minutes, the two and one half
minutes, before that phone rang, before the operator or journalist
shouted “Stockholm calling” into the receiver?) I have heard that
phone ring in an office next to mine, and seen the door flung open.

So I have read Jim Watson’s The Double Helix. And re-read it.
To try and feel my way into the nervous system of a man who, aged
twenty-four, helped pull off one of the master strokes of human
intelligence, of exact inventive perception. To whom fame has come
at one blinding gust not only in the obvious ways (there are, after
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all, six or more Nobels every December) but in a rare absolute
sense. The Watson-Crick paper on the structure of DNA sent to
Nature on 2 April 1953 is of a very small class. Which class
includes, say, Galileo to Paolo Sarpi of 16 QOctober 1604 on the law
of falling bodies, Einstein’s papers of 1905, Dirac’s theory of the
electron, Yang/Lee on violations of parity in so-called weak interac-
tions (though I’'m not sure on that last one; not too much has come
of it since). Anyway, a fantastically restricted class of scientific pro-
posals which solve not only some problem of major importance but
do so in a manner at once exhaustive and “open.”

That paradoxical congruence is the breath of genius. Watson-
Crick had managed to build a model of the DNA molecule which
model met all the requisite chemical conditions and was of itself a
thing of beauty and harmonious complexity. But the famous open-
ing and closing sentences of their nine-hundred-word article (how
many loud, empty, wasted words are there in this season’s “great
novel” or in Pound’s Cantos or in the thunder and molasses of liter-
ary critics?) point to far more.

This structure has novel features which are of considerable bio-
logical interest.

Which modest proposal grows exultant in Crick’s “It has not
escaped our notice that the specific pairing we have postulatgd
immediately suggests a possible copying mechanism for the genetic
material.” There are not very many sentences like that in our
grubby history. One thinks of Giordano Bruno’s quiet con la‘ terra
dunque si muovano tutte le cose, che si trovano in terra (w_lth 1'ts
formidable implications of celestial infinity) or Freud to Fliess in
the late summer of 1897: “I have found that in my case also love
for the mother and envy of the father. . . .” Sentences which mark
an alteration in the structure of anthropoid reality, which close
doors suddenly small, familiar, déja vu, and open new, far greater
windows. What does it feel like to have written such a sentence and
obtain for it—at a speed and in a blaze of homage greater than in
the previous history of science, because of the mass media, hecause
of the drive of post-romantic culture to personalise—recognlt{on by
one’s peers and the world at large? With the whimsical impertinence
that marks his manner, Watson closes his book thus:

Now I was alone, looking at the long-haired girls near St.
Germain-des-Prés and knowing they were not for me. I was twen-
ty-five and too old to be unusual.

One of the great “camp” lines in modern prose. But so falsg. HF
could never be alone again. Something of molecular biol.ogy is his
each day and much of the new bio-chemistry of genetics. When
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Watson enters a room . . . or sees a student, or glances through the
index of any history of twentieth-century science . . . I have insin-

uated my dreams inside his realities, or tried to.

This is a difficult exercise. First because I am a not-Watson. A
not-Watson is a perfectly distinct binomial notation meaning a nor-
mally endowed member of the species among or betwixt the 1010
electro-chemical hook-ups of whose brain no manifold re-connection
has occurred, no quantum jump of genuinely new model-building.
Second, because Professor James D. Watson is a very intricate
person. A lemming of a being, with luminous yet strangely evasive
eyes and lemming’s ears. Watson’s shyness, his arch withdrawal
from most interlocutors, do not shut him out; they shut out those
who bore him (you & I, Sir), whose plod of spirit or lack of ele-
gance fail the test of his fastidious hauteur. He is a collector of
modern paintings, sombre, fluid canvases; not very good, perhaps,
but a mirror of his veiled intensity. He is a name-dropper, this
unraveller of deoxyribonucleic acid: “a garden party at Sans Souci,
the country home of the Baroness Edmond de Rothschild;” a wine
tasting at Matthews’ “‘one of Cambridge’s better wine merchants . . .
meant acceptance by a more fashionable and amusing part of Cam-
bridge.” A decisive Christmas—decisive because the tensed, darting
pursuit of DNA had reached one of those bleak dead-ends which, so
often, in major science precede a break-through—is spent on the
Muil of Kintyre, at Carradale, home of the Mitchisons.

Here is one of the links with Francis Crick. Crick is a lambent
troll of a man, with a fascinating, at moments delicately feminised
swagger. His panache is very exactly dated, as is his fine-beaked pro-
file; it belongs to la belle époque. His wispy yet wide-flung flourishes
of hand and torso are vintage 1905. The voice is pitched high but
incisive and the mind moves, with an obvious, bewildering celerity,
behind a fusillade of rather campy laughter. It is the kind of voice
one goes grouse-shooting with. Crick is a dandy in the precise,
strong sense. There is aptness in the rumour, very probably a
canard, that he was enmeshed during the War in the design of a tor-
pedo so lethal that it could not be released lest it be turned against
the Royal Navy. “Don’t rock the boat, Crick,” puffs Sir Lawrence
Bragg, the bad fairy stepmother of the whole tale, “we were getting
on quite well before.” The dandyism is a link. Crick’s elegance is
more assured than Watson’s. No American in England ever gets it
quite right, however attentive he may be to the intonations, to the
including or ostracising gestures of our Byzantium. Crick would take
no particular or aggrieved note of the fact that “the white-mus-
tached figure of Bragg now spent most of its days sitting in London
clubs like the Athenaeum.” (And what other clubs in London, pray
tell, are like the Athenacum?)

Notes of a Not-Watson - 181

But in both men there is a deep bias for style, for truth and shape
that are, at the radical level, stylish. Nothing is more difficult to
convey to the layman than this notion of root-comeliness. Of :(he
elegance, of the refusal of waste motion, that makes the Dedekind
cut (the division of all rational numbers into two classes) more than
a very powerful mathematical tool, that makes it a thing pf deep,
gay beauty. Of the kind of economy of perfect rightness which leads
Bach, in the XVIIIth of the Goldberg variations, a canon in the
sixth, to abandon the device of inversion and come up with a piece
of textbook polyphony—textbook, but not as you or I would con-
duct it; playful, new with the original bass stated not only by 'the
lowest but also by the canonic parts. The dandyism (true danfiylsm
= power, even brutal power, conveyed with an absolute minimum
of stress) of Nimzovich’s P-K4 in the sixty-first move of his 1914
St. Petersburg tie-match game against the young Alekhine—P-K4
on the sixty-first move of a French Defence!! Both Watsop and
Crick possess it supremely, that eye for the deep, gay conjunction 9f
truth and beauty, a conjunction ultimately mathematical, be it in
women or dinghies or in the structure of amino-acids.

By the time I had cycled back to college and climbed over the
back gate, I had decided to build two-chain mc')c!els. Francis
would have to agree. Even though he was a physicist, he knew
that important biological objects come in pairs.

Why? Because reality, or the sensory-cerebral mechanism by wh?ch
we perceive it, are dialectic, says Hegel; because they are binomial,
says Lévi-Strauss; because there is no voice sans ecl}o, says the
Korean proverb. The exhilaration of the pas de deux lies all in the
chemical detail:

I became aware that an adenine-thymine pair held together by
two hydrogen bonds was identical in shape to a guanine-cytosine
pair held together by at least two hydrogen bonds. All the hydro-
gen bonds seemed to form naturally; no fudging was required to
make the two types of base pairs identical in shape. . . . Given the
base sequence of one chain, that of its partner was automatically
determined.

Caro lettore: do you see the beauty of these sentences, the lithe
economy of the moto spirituale, dance-like, arrow-like, as Pante
said when he meant supple directness? Or Willie Yeats seeking to
tell the dancer from the dance?

But the elective affinity between Watson and Crick is also one of
differences, of creative collision. No doubt Crick was ambitious (so
are they all; all honourable men). Ambitious and, in.a way, at loose
ends, looking here and there with a catholicity of interest at once
impressive and maddening to a cellular scientific-academic hive.
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Watson’s ambition seems of another species, almost feverish in its
open, cold vehemence:

I was afraid that Lederberg might soon see the same light. . . .
Francis and I went over to the Eagle. The moment its doors

opened for the evening we were there to drink a toast to the Paul-

ing failure. Instead of sherry, I let Francis buy me a whiskey. . . .
I explained how I was racing Peter’s father for the Nobel Prize.

An American ambition: University of Chicago—late 1940s-brand.
A focus on success so steady that it concentrates all the stray im-
pulses of a very talented sensibility into ordered, imaginatively live
monomania. Not an English trait; nothing about it of the lazy iro-
nies, the fastidious mask of the seeming amateur that is Cambridge.
Crick’s stance, his declaratory sweep has something of the radar
dish turning and scanning; Watson bore in like a laser. In their
relationship, complex and multivalent as any chemical bond, lay the
key.

And in the presence at their backs of Linus Pauling: who is a
Leonardo figure, fantastically gifted, currently on his way to what
may be a third Nobel Prize (the one in medicine). But also vulnera-
ble because essentially instinctive, susceptible to great rushes of feel-
ing and indiscriminate certitude. Pauling has at times orated gener-
ous nonsense about politics and nuclear radiation; he failed to
resolve the true structure of DNA by committing an elementary
blunder. “If a student had made a similar mistake, he would be
thought unfit to benefit from Cal Tech’s chemistry faculty.” But
Pauling’s blooper and the role Pauling played in Watson’s image of
the “‘great race” to fame, to the elixir of life, were essential. For at
his back he always heard Great Linus’ chariot hurrying toward. The
climax came long before Stockholm. It had the chivalric tension of
Velasquez’s “Surrender at Breda.” Linus comes to the lab:

All the right cards were in our hands and so, gracefully, he gave
his opinion that we had the answer.

I try to imagine that moment. In which a man knows that his
name will live with Copernicus’ and Darwin’s. (“Our Cavendish
typist was not on hand, and the brief job was given to my sister . . .
we told her that she was participating in perhaps the most famous
event in biology since Darwin’s book.”) I can’t, or only at the level
of gross obviousness. Five minutes after knowing himself “since
Darwin” a man may go to the lavatory. Where nothing much has
changed, or has it? Keats wondered how Shakespeare sat when he
wrote these words in Hamlet or those in Lear. Not an idle question.
There was dinner “with the Cricks at Portugal Place . . . we drank a
fair amount of burgundy . . . and the party was over at midnight.”
Not, one supposes, for Francis Crick whose contentment in fame is
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unworried, who is also an impresario to others (to Sidney Brenner,
for example, today, as it were, almost vaulting over intermediary
stretches of molecular biology, of laborious syntheses yet to be
achieved, in order to ask just how the genetic code programmes a
rudimentary nervous system). Crick, in Watson’s handsome terms,
“returned to Cambridge to work on the nature and operation of the
genetic code, a field of which he has been the acknowledged world
leader for the past decade.”

Was the party over for the old man of twenty-five? There have
been hints to that effect, filaments of gossip suggesting that the work
at Harvard has not been all that happy; rumours of an interest in
the whole bio-chemical matter of cancer, but of an interest not
focused, not monomaniacal as was the pursuit of the double helix.
Quiz-kids—and Watson was one of that mutant pack—can be very
bored at thirty. This, surely, is the Jamesian donnée—Professor J.
D. Watson since: the years after: inside the cocoon of immense
celebrity. And what of the relationship to Crick? How do they think
of each other now, their names and faces close-woven in history as
are the two chains of the model itself?

The memoir gives no hint. The inflection is one of nostalgia, of a
remembrance. This is its uniqueness. Pace the blurb there have
been, there are other, comparably brilliant records of scientific
work: Poincaré’s famous lecture to the Psychological Society of
Paris, G. H. Hardy’s Apology, the autobiographical notice of Max
Planck, Schroedinger’s letters reporting the step-by-step development
of wave mechanics, Niels Bohr’s Rutherford lecture and memoir of
the Solvay meetings. But we have no other book which is simultane-
ously a personal record of a very major scientific discovery—a
record often rigorously technical—and a threnody often deliberately
Proustian, over the past, over golden lads and au-pair lasses gone to
dust, over Cambridge twilights softer and early mornings leaner,
more bracing under those vast quick skies, than any since. And it is
nostalgia, the grace of heart that comes with time lapsed, which
underwrites the cleanest passage in the book: Watson’s posthumous
tribute to Rosalind Franklin, the Rosy whose rivalry, whose occa-
sional scorn and damaging secrecy intrude on the story of the helix.
To others, very probably to Francis Crick, the vertiginous events of
the winter and spring of 1953 have signified an almost limitless
tomorrow.

The Watson-Crick hypothesis of 1953 has now become the great
turning-point of biology and, in fact, of general science [writes J.
D. Bernal]. Its implications for the origin of life are obvious, but
they have not yet been fully appreciated, even by its originators.

To Watson these moments seem to have a strange “pastness.” For
all its fierce energy of mind, for all the candid humorous arrogance
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of its obiter dicta, this is a curiously sad book. It ends on the word
“death.” O Du armer Jim, das gibts nur einmal, das kommt nicht
wieder: to “belong to the ages,” as the bearded men in the oleo-
graph put it, on one’s twenty-fifth birthday. I am an old man in a
very dry month and grateful.

Marginalia. On Cambridge, with which waspish and parochial
spot, Jim Watson has a love affair, finding its shapes, its tricks of
light and stone (rightly) of almost unbearable beauty. A multi-vers-
ity in the strict and worrying sense: a number of whose faculties are
beyond sarcasm, in the mediocrity of their teaching, in the spinster-
ish dislikes that mark personal relations, but where lightning has
struck again, as it did in the Cavendish in the 1920s and ’3os. Has
struck in two key places: radio astronomy and molecular biology,
setting an East Anglian market town at the literal and emblematic
frontiers of man. At the far edge of celestial space and in the core
of life. An institution so petty, so bilious over talent in some quar-
ters; so free and exultant in others. Crick, Watson, Kendrew, Perutz,
Brenner in/out of those few square miles of leaf and light; Ryle,
Sciama, Hewish, Hoyle near their great dishes a few miles away or
in their Institute of Astrophysics. A marvellous duality: the macro-
cosm and the microcosm as the Renaissance would have it. (Just
where is Oxford in this league? Asks Bacon of Newton, asks
Newton of Darwin, asks Darwin of Russell and of Dirac and of Lit-
tlewood. )

On the queer, lunatic time-scale of our politics. In man’s history,
or more precisely, in the history of man regarded as a biological
species whose essential function is the evolutionary development of
certain remarkable electrochemical potentialities in the cortex, the
last week of March 1953 is one of he weeks. What newspaper took
note? I don’t remember what wars were raging that week, what fam-
ines, what political and economic crises were upon a threatened
society. Certainly half a dozen matters were “grave,” “irreparable,”
“fraught with dire consequence” be it in Timbuctoo or Woking. All
trivia. Pretentious trivia inflated by a madly specialised literacy: we
read time as if its natural divisions were political, as if our daily his-
tory was the co-ordinate of real meaning. Awkward questions: what
does a massacre weigh against the insight that “a given chain could
contain both purines and pyrimidines”? And what is there really in
all the passionate cant about human equality, about “the infinite
worth of each individual human being”? Can you visualise an
“infinite worth,” hypocrite lecteur? Let’s try and visualise something
much simpler first, how it is that three strong hydrogen bonds can
be drawn between guanine and cytosine. Which latter vision, and
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what it may verifiably entail, advances homo sapiens on the slow,
hideously difficult road to becoming what he can be less/ as much
as/ far more than, say, a race relations bill, or the raising of the
school-leaving age or any hors-d’oeuvre to utopia? I don’t know.
Does Crick or Watson? Should they? Or care? (As if so rare a two-
headed heraldic creature could be produced by any improvement in
the democratic process.)

“Those who figure in the book must read it in a very forgiving
spirit.” Thus Sir Lawrence Bragg, who does figure, and who has
seen Stockholm in the white sheen of December. I don’t figure.
When I travel in winter it is at my own expense. Under allowance, a
sharp, unsparing word. I too had a dream. This book has made it a
little more vivid, a lot more remote.

And yet. If they were wrong. If their model, like Ptolemy’s. . . .

RICHARD C. LEWONTIN

“Honest Jim” Watson’s Big Thriller
about DNA (1968)%

For many months, there has been gossip in the scientific commu-
nity that James Dewey Watson, having won a piece of the Nobel
Prize for his part in discovering the molecular structure of the gene,
was about to publish a book called “Honest Jim,” and that his
former partner in science, Sir Francis Crick, was threatening to sue
him for libel. The delight with which this story has been told around
the academic tea table is a result of the fact that scientists, like other
artists, are intensely envious of the successes of their competitors,
but unlike other artists pretend it isn’t so. Thus, a hint that two
Nobel Prize winners might tell the truth about each other in public
has produced a smacking of lips the like of which I have not heard
since the first copy of “Tropic of Capricorn” appeared in my house
in Cambridge after the war.

Watson’s book, under a less threatening title, has now appeared
and even the most optimistic and penurious solicitor in the Inns of
Court is unlikely to encourage Sir Francis to sue for libel. On the
other hand, a mass action for invasion of privacy might be instituted
by half the scientific elite of the Western world. “The Double Helix”
is the scientific counterpart of Frangoise Gilot’s “Life with Picasso.”
Both books have a great deal to say about the idiosyncracies and
t From the Chicago Sunday Sun-Times, became professor of biology at Harvard
February 25, 1968, pp. 1-2. Richard C. University in 1973. His research deals
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petty details of life of creative people, and so, pander to vulgar curi-
osity about celebrities. In this respect, they are the movie magazines
of the intelligentsia. Since many more people know and are curious
about Picasso, Matisse, Cocteau and Braque than about Max Perutz,
John Kendrew and Sir Francis Crick, Mile. Gilot will probably
make a lot more money than Watson.

If any action for libel is to be instituted, it ought to be by the cor-
porate body of scientists, perhaps by a Nobel Laureate’s club, if
there is one. Under the English rule of “the greater the truth, the
greater the libel,” they would collect a mint. Watson has told the
truth about the motivation and behavior of scientists and he has not
helped their public image. The myth of the objective, unselfish sci-
entist, consumed even unto death with the fire of curiosity, a slave
to the desire to know has somehow survived the cynicism of the
times. Scientists make claims about their devotion to the public good
and the cause of truth that make Richard Daley sound like Big Bill
Thompson. Sinclair Lewis’s Martin Arrowsmith is the archetype,
and for those who don’t read much there are always Edward G.
Robinson and Paul Muni giving up their lives and reputations to
save us from syphilis and rabies. The truth is rather different and
“Honest Jim” has told it. Perhaps “Dr. Ehrlich’s Magic Bullet” did
not play Chicago when Dr. Watson was a boy.

What every scientist knows, but few will admit, is that the
requirement for great success is great ambition. Moreover, the ambi-
tion is for personal triumph over other men, not merely over nature.
Science is a form of competitive and aggressive activity, a contest of
man against man that provides knowledge as a side product. That
side product is its only advantage over football. Watson is perfectly
candid on this issue. When Linus Pauling, the most dangerous com-
petitor for the Nobel Prize, came up with an obviously incorrect
solution for the structure of DNA, Crick and Watson repaired to a
pub. Watson records: “The moment the doors opened for the eve-
ning we were there to drink a toast to Pauling’s failure. Instead of
sherry, 1 let Francis buy me a whisky. Though the odds still
appeared against us, Linus had not yet won his Nobel.” Nor were
Watson and Crick about to prevent Pauling’s error from leading the
rest of their scientific colleagues astray. On the contrary, their
“immediate hope was that his chemical colleagues would be more
than ever awed by his intellect and not probe the details of his
model.”

Fortunately for Watson and Crick they discovered the correct
molecular structure of DNA before Pauling could recover from his
error. “Honest Jim” was also “Lucky Jim,” for the importance of
Watson and Crick’s discovery transcended even their original visions
of glory. The structure of DNA turned out to be so elegantly simple
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that a number of the most important questions in biology could be
answered partly or completely from inspection of the structure
itself. For example, the structure of the molecule made it immedi-
ately obvious how genes are duplicated in heredity. Moreover, the
molecule’s simplicity made it possible for Watson and Crick to infer
its correct structure without resort to years of tedious crystallogra-
phic study, a tedium for which they were not temperamentally
suited.

For scientists, “The Double Helix,”is an engaging and sometimes
exciting book because we see our own minor scientific victories
magnified in its major triumph, because it speaks to our secret
dreams in a familiar vocabulary. For the layman it will not be so.
Much of the irony of Watson and Crick’s early fumbling is lost
unless one knows the right answer to begin with. Some of this book
is simply too technical or depends on scientific literacy. Many of
the scenes and images are evoked only for those with experience.
The description of Sir Francis in the first chapter, for example,
reminds all of us of a stock character in our scientific lives: the bril-
liant, erratic, somewhat lazy tea table loudmouth, who can always
tell you how you ought to have done your experiments and what
they really mean, but who can never seem to finish one himself.
There are a lot of “in” jokes and double entendres, some of which
turn out to be in rather bad taste for those who understand them.

“The Double Helix” is a paradox. James Watson was consumed
with ambition for public praise and approbation, for the highest
honor that a doting company of his peers could give. Surely he
knows that the legitimacy of such honors depends upon the myths
on which they are built. The Nobel Prize has acquired virtue by
being awarded to virtuous men by virtuous men. Its total value is in
its image. Yet, having craved and acquired it, Watson devalues it,
debasing the currency of his own life.

MARY ELLMANN
The Scientist Tells (1968) F

This slight book, The Double Helix, is remarkable for its demon-
stration of the scientist. In this sense alone, the book has a singular
consistency. No part of it fails to conform to American preconcep-
tions of that cultural figure. Aside from its technical information,
the book contains only one surprise, the fact that it was written at
all—the typical reserve of the scientist, communicating only through
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formulae, is gone. Of course, all fields are seized now by openness,
everybody does (and tells) his thing; but it must also be noticed that
James D. Watson’s science was, from the start, necessarily voluble.
The laboratory equipment of the theorist, as opposed to the experi-
mentalist, seems to be an audience. At the Cavendish Laboratory of
Cambridge University, Francis Crick was Watson’s audience, and
Watson was Crick’s. We are all in debt to their loquacious mode,
since it is now responsible, in The Double Helix, for a double expo-
sure—of discoverer as well as of discovery.

The scientist as gifted intelligence: this first requirement of his
type, Watson meets splendidly. If his Nobel Prize was not sufficient
proof of talent, he himself now makes clear that, in 1951-1953, he
took an important part in an important discovery. Watson prides
himself on his modesty, but inevitably, in the course of describing
one’s own achievement, one’s own abilities must leak out. Watson
shows an edifying single-mindedness, an indivertible concern with
the gene, gene, gene. He is obdurate too, and studious, and equal to
setbacks. He seems also to have possessed a rare degree of intellec-
tual scent: his mind quivers infallibly in the presence of any detail,
however faint, which may be relevant to his chosen problem. And at
the climax, he is brilliant. At the moment when his helix takes on its
full rightness, Watson’s intelligence seems as pretty as his model.

Happily too, the discovery of the helix vindicated the poet Yeats
~—just as he thought, we prove to have been perning all this time in
our (molecular) gyres. Before the Crick and Watson breakthrough,
no one but Yeats seems to have taken the spiral view of life. Geneti-
cists were not even certain which of the chemical components, pro-
tein or deoxyribonucleic acid (DNA) contained the genes. It was nec-
essary for Crick and Watson to fix upon DNA, and then to fathom
the structure of a DNA molecule. The helix, at which they arrived,
described not only genetic structure but function, the repetition of
the unique self from cell to cell—which had before been merely
named, like an unexplored continent, Heredity.

The scientist as lover of truth: here too, Watson’s performance is
faithful. In 1. B. Singer’s novel The Manor, a young medical student
in 1870 exclaims, “All I care about is the truth!” and one feels the
same limpid attachment in The Double Helix. The discovery of the
truth of things is represented as a simple, natural, even obvious
good. The more we know, the farther we advance, the more prob-
lems we solve, the better life must be. We have all been bred on the
same assumption.

In fact, this assumption is now frequently questioned, but in the
blithe context of this book dubiety is relegated to Watson's asso-
ciates. Of the three who shared the Nobel Prize in this field—Maur-
ice Wilkins, Francis Crick and James Watson—Watson was the
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American and the youth. For these inescapable faults, he must be
forgiven. He would have been in high school during the Second
World War, and only seventeen at the time of Hiroshima. Wilkins
and Crick, on the contrary, had both been adult physicists in Eng-
land during the war, and in 1951 they were biologists, like Watson,
in order not to be physicists any longer. Crick had had enough of
the construction of mines, and Wilkins had had enough of the
“atomic consequences” of physics. Scientific truth, then, seems
already to have become a complex good in their minds, as it is now
in most lay minds. When countries experiment in nerve gasses and
stockpile diseases as they do nuclear weapons, biology seems no
more certain to delight society than physics. And already the idea is
put forward, as in Arthur Koestler’s The Ghost in the Machine, that
it may be desirable to improve human beings by genetic alteration.
Eventually, perhaps a new system of political persuasion will be
called “gene-washing.” One still applauds Watson’s discovery, and it
is separate from whatever may be its (good or evil) consequences,
but The Double Helix is, I think, deficient in sensibility. One cannot
properly present such a discovery to an already shaken public with-
out showing some concern for what are direly called “implications.”

The scientist as ethical being: but I have just asked for a violation
of type. The scientist is expected to be unworldly. We immediately
recognize this quality as an aspect of dedication, the removal of the
mind from the life of the street. And quite reliably, Watson is con-
temptuous of slow minds and crass motives. For a simple example,
many of his sister’s suitors struck him as ““dull nitwits” (the opposite
of bright nitwits). And Watson relays to us his teacher’s distaste for
“profit-oriented” chemists, “the competitive variety out of the jun-
gles of New York City.”

Well then, what was Watson’s motive? Fame, of course—and as
Norman Podhoretz has remarked in Making It, we are accustomed to
consider that motive exquisite. But it does not seem exquisite in The
Double Helix. It seems normal and ordinary, but its form scarcely
warrants the criticism of other forms of ambition. This is not to say
that Watson’s ambition in any way diminishes his achievement. His
anticipation of profit never exceeded his anticipation of discovery.
Visions of the helix and the Nobel Prize danced in his head
together. A keenness for early recognition may even be, these days,
as essential to discovery as intelligence. Science, like all other activi-
ties now, is crowded and accelerated. There is no sitting alone any-
more and letting apples fall down. Watson makes clear that almost
every avenue of research intersects another, and many different dis-
ciplines converge upon single revelations. In this exciting way, DNA
in 1951 was “up for grabs.”

Hence, the hypersensitive nature of Crick’s and Watson’s achieve-
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ment. It depended, in considerable part, upon the quick, clever use
of X-ray diffraction photographs of pNa, which had been taken by
other scientists—by Maurice Wilkins, first of all, and by Rosalind
Franklin. For this reason, though the double helix was announced
by Crick and Watson in 1953, they were joined by Wilkins in
receiving the Nobel Prize in 1962. The details of this intellectual
intrigue are at once fascinating and painful. Crick and Watson try
to be fair, and both almost always almost succeed, but oh, the tiny
maculations of conduct! On the other hand, it must be remembered
that Watson records these subtleties. Like the Prize, The Double
Helix is anxious to adjust the glory in Wilkins’s favor. It provides
the materials, generously enough, of what one could not otherwise
have felt—that is, a renewed allegiance to the Wilkinses of the
world, who work slowly, share willingly, and lose gracefully.

It is amusing, however, that in the course of these touchy rela-
tions, Watson should comment upon the Cold War. In 1952, Linus
Pauling, another helical contestant, could not attend scientific meet-
ings in England because our State Department revoked his passport.
For this action, Watson shows a proper incredulity and scorn. Idiot
politicians! So we are suddenly expected to recall that scientists are
cool and rational, while government officials are angry and senseless.
But, in fact, it is dishearteningly clear that the milieu of The Double
Helix must be the last from which nations might learn to be high-
minded.

The scientist as human being: The Double Helix is not so guile-
less as to ignore the narrative risk of undiluted DNA. The solution is
an alternation of work and play. The breezy, casual young bachelor
relieves the abstruse thinker. The engaging concerns of the first
compensate for the unavoidable sobriety of the second. There are,
of course, some signs of transitional strain. Watson has severe stom-
ach pains, and his contemporary snapshots reveal an extreme gaunt-
ness. But what he remembers now, at any rate, is all verve—tennis
and movies every night and much girl-watching. Crick explains to
Watson why an undergraduate cannot satisfy an au pair girl. Watson
observes the dullness of dons and their “faculty-type wives.” He is
himself hopeful of some lively choice in the future—a foreign, or at
least a frivolous, girl.

All this is harmless enough. A writer who has an important dis-
covery to describe can play the lad if he likes between thoughts.
Genes in the morning, girls in the evening—after all, one not only
studies DNA, one is DNA. The only contradiction of this sensible bal-
ance is Rosalind Franklin, the woman who studies DNa like a man.
Rosalind Frankin was the one bug in the helix, and she could so
easily not have been. Why couldn’t she content herself with playing
assistant to Wilkins (and over his shoulder, to Crick and Watson)?
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Why was she ambitious for herself as well as competent in X-ray
diffraction photography? Why wouldn’t she cooperate? She refused
to exert “feminine charm” in masculine company, she wore no lip-
stick, she dressed dowdily. And she made up for Wilkins’s mildness
by a bitter determination to outsmart Crick and Watson. She was
wrong, of course, in being “anti-helical,” she lost the game too, and
she died in 1958, at the age of thirty-seven.

By her death, she became a literary problem. How, writing in
1967, was Watson to air his dislike of her, to describe her defects
and relish her final discomfiture, without seeming to attack the
defenseless dead? A palinode was the answer. The Double Helix says
what it pleases about Rosalind Franklin in the course of its twenty-
nine little chapters; then, in an epilogue, it retracts almost all that
has gone before and eulogizes Rosalind Franklin. This solution
should interest those other persons who have grumbled about their
own representation in the book. There is the grim comfort that, as
they too go to their graves, new epilogues may be added, discovering
pale virtues among their now riotous foibles.

ROBERT L. SINSHEIMER
The Double Helix (1968) 7

This is a saddening book, for it reminds us of that which we
would rather forget—that in homo sapiens brilliance need not be
coupled with compassion, nor ambition with concern.

In reality this is two books. One is an account—lucid, honest, sus-
penseful—of the scientific events that led to the deduction of the
molecular structure of DNA, which at one stroke provided a clear
chemical basis for the results of 50 years of genetics and at the same
time constituted the central support about which the whole structure
of molecular biology could be built. Because it is in many ways a
typical story of scientific discovery—with false trails, the fortuitous
combinations of ideas, the ex-post-facto-obvious nature of the solu-
tion—with all the drama heightened by the importance of the goal
—it could well serve as a model text for initiation of the young,
were it not for the second book. It is fascinating even now to look
back and to note how many of the essential facts were available
(the Chargaff rules of the molar equalities of adenine and thymine
and of guanine and cytosine, the knowledge from x-ray data of a
+ From Science and Engineering, Sep- came chancellor of the University of
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helical structure with the phosphate-sugar backbone on the outside,
the suggestion of complementarity as the necessary structural basis
of gene replication); and yet the true solution, though but a small
step from these, was by no means obvious.

This story is of such interest that one can overlook its atypical
aspects, that Watson and Crick were relying upon cadged data from
the X-ray studies of Franklin and Wilkins—overheard in seminars,
pried out in conversations, even provided by Max Perutz from a
privileged report. Or the somewhat bogus suspense provided—re-
peatedly—by the synthetic race with the demigod Pauling. “Cal-
tech’s fabulous chemist, Linus Pauling, was not subject to the con-
fines of British fair play. . . . Our first principles told us that Pauling
could not be the greatest of all chemists without realizing that DNA
was the most golden of all molecules. . . . We had to face the bleak
situation that the world authority on the structural chemistry of ions
was Linus Pauling himself. . . . Then it would be obvious to the
world that Pauling was not the only one capable of true insight into
how biological molecules were constructed.”

The second book, however—interwoven with the first—is a
description of the private world of J. D. Watson during these his-
toric events. And this is unbelievably mean in spirit, filled with the
distorted and cruel perceptions of childish insecurity. It is a world of
envy and intolerance, a world of scorn and derision. This book is
filled with character assassination, collective and individual, direct
and indirect. Even worse is the evidence that Watson believes the
rest of humanity—save for the muddle-headed—sees this same
world.

It is a world of intense ambition—for the mundane prize, not the
advancement of truth nor the service of humanity. Thus, “. . . Fran-
cis [Crick] and I went over to the Eagle. The moment its doors
opened for the evening, we were there to drink and toast to the
Pauling failure. Instead of sherry I let Francis buy me a whiskey.
Though the odds still appeared against us, Linus had not yet won
his Nobel.”

His mentor, Luria, is portrayed as an amiable simpleton. “He
[Luria] positively abhorred most chemists, especially the competi-
tive variety out of the jungles of New York City. Kalckar, however,
was obviously cuitivated . . .”

Of Chargaff: “Chargaff as one of the world’s experts on DNA
was at first not amused by dark horses trying to win the race. Only
when John [Kendrew] reassured him by mentioning that I was not
a typical American did he realize he was about to listen to a nut.”
Now everyone knows that J.D. Watson, Nobel prizewinner, is not
and never was a nut, so what conclusion must one draw about Char-
gaff?
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Or Randall: “Finding himself [Randall] overcommitted he had
decided to send Maurice [Wilkins] instead. If no one went it would
look bad for his Kings College lab. Lots of scarce Treasury money
had to be committed to set up his biophysics show and suspicions
existed that this was money down the drain.”

of biologists: “But even so they [biochemists] knew more than
the majority of biologists. In England, if not everywhere, most bota-
nists and zoologists were a muddled lot. Not even the possession of
university chairs gave many the assurance to do clean science; some
actually wasted their efforts in useless polemics about the origin of
life or how we know that a scientific fact is really correct.”

Of geneticists: “This is not to say that the geneticists themselves
provided any intellectual help . . . All that most of them wanted out
of life was to set their students onto uninterpretable details of chrom-
osome behavior or to give elegantly-phrased, fuzzy-minded specu-
lations over the wireless on topics like the role of the geneticist in
this transitional age of changing values.”

Of scientists in general: ‘“Many were cantankerous fools who
unerringly backed the wrong horses. One could not be a successful
scientist without realizing that in contrast to the popular conception
supported by newspapers and mothers of scientists, a goodly number
of scientists are not only narrow-minded and dull, but also just
stupid.”

Of Caltech chemists: “A number of his [Pauling’s] colleagues
quietly waited for the day when he would fall flat on his face by
botching something important.”

I could go on, but why bother. Apparently motive, like beauty, is
in the eye of the beholder.

Several of the reviews of this book have commented on the
strange vignette of the foreword in which Watson, climing up a ski
slope, sees W. Seeds, a collaborator of Wilkins, hiking down.
Watson pauses to talk to Seeds, but the latter, on noticing Watson,
merely remarks, “How’s Honest Jim?” and passes on. These review-
ers have felt that Watson, deeply stung by remarks of this sort, has
written The Double Helix as an apologia. On the evidence of this
book, I disagree. Watson is Honest Jim, believing he sees the world
true, and “telling it like it is.”

It is perhaps an interesting psychological question, if indeed these
two books—the components of The Double Helix—are not in them-
selves complementary; if indeed the structure of DNA would have
been discovered in this way had it not been for both the slanting
brilliance and the skewed personality of J. D. Watson. Probably not.
Although the discovery would not have been long delayed, it would
have developed in a more conventional manner out of the X-ray
studies of Wilkins, the model building of Pauling, the biochemistry
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of Kornberg. Ingenuity and clutching ambition bought a year or two
in time—and fame.

But what will be the view of the scientific endeavor to be gained
by the high school student who will surely read this? He will learn
that it is a clawing climb up a slippery slope, impeded by the
authority of fools, to be made with cadged data and a resolute
avoidance of profound learning, with malice toward most and with
charity for none. Is this really true? Not in my experience. Rather, it
is a caricature and will do far more harm than we can soon undo
with sincere words about the humane and esthetic qualities of sci-
ence.

JOHN LEAR

Heredity Transactions (1968)

This book is being acclaimed as the Pepys diary of modern sci-
ence, I cannot understand why.

Samuel Pepys not only possessed a gift for dry precision in writ-
ing but his daily accounting of his life between the years 1659 and
1669 was a miniature etching of the great and small events experi-
enced by the city of London during that period. Pepys was the sec-
retary of the British Admiralty and its singlehanded savior from
accusations of scandal in the House of Commons, to which he later
won election. He participated in the restoration of King Charles II,
endured the visitation of London by the plague, helped to pull down
buildings to control the ruination of the city by the Great Fire. He
was an amateur musician, an assiduous gamester, a skilled racon-
teur, a loyal friend, and enough of a scientist to belong to the Royal
Society.

What comparable credentials has James D. Watson, author of
The Double Helix?

In terms of writing style, little of distinction. Had I not profited as
much as I had from Molecular Biology of the Gene, an earlier book
of his, I would classify Watson as the late Leo Szilard did years ago
—one who doesn’t know how to express himself effectively. Except
for its prologue and epilogue (which are curiously different), The
Double Helix is shallow and shrill. It reminds me more of Winchell
than of Pepys.

Of course, we cannot ignore the occasion for publication of The

{ From Saturday Review, March 16, and Associates. He is also the author of
1968, pp. 36, 86. John Lear (b. 1909) was Recombinant DNA (New York: Crown
science editor of the Saturday Review. Publishers, 1978).

In 1975 he became chief editor of Keifer
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Double Helix. The book is Watson’s personal version of the events
that led to his sharing the 1962 Nobel Prize for identification of the
structure of deoxyribonucleic acid, the DNA molecule that orders
the transmission of inheritable characteristics from one generation
of living beings to the next. But after digesting Watson’s history,
many readers are going to wonder what qualities of achievement
that particular Nobel award was intended to celebrate.

Watson reveals, with no apparent regret, his hope that his pretty
sister would serve as a romantic decoy in obtaining otherwise inac-
cessible information essential to his research. He discloses how he
used his young friend Peter Pauling to spy on Pauling’s brilliant
father, Linus. Another clandestine communication channel Watson
used to advantage was a scientist who sat on a research project
appraisal panel and conveyed supposedly confidential data on work
competitive with Watson’s experiments.

More incredible than any of these footnotes to the career of a
young man in a terrible hurry is Watson’s description of his attempt
to bully a proud woman scientist into discussing details of her X-ray
studies of DNA, and his susequent craven retreat from her labora-
tory after her anger rose. I quote:

Suddenly Rosy [Miss Rosalind Franklin, an X-ray
crystallographer] came from behind the lab bench that separated
us and began moving toward me. Fearing that in her hot anger
she might strike me, I grabbed up the Pauling manuscript [in
which Linus Pauling prematurely predicted a triple-helical struc-
ture for DNA] and hastily retreated to the open door. My escape
was blocked by Maurice [Wilkins, who shared the Nobel Prize
with Watson and Francis Crick] who, searching for me, had just
then stuck his head through. While Maurice and Rosy looked at
each other over my slouching figure, I lamely told Maurice that
the conversation between Rosy and me was over and that I had
been about to look for him in the tea room. Simultaneously, I was
inching my body from between them, leaving Maurice face to
face with Rosy. Then, when Maurice failed to disengage himself
immediately, I feared that out of politeness he would ask Rosy to
join us for tea. Rosy however, removed Maurice from his uncer-
tainty by turning around and firmly shutting the door.

I think I have made a case for my contention that The Diary of
Samuel Pepys belongs on an entirely different level of literature than
does The Double Helix, which is a bleak recitation of bickering and
personal ambition too intense to leave room for caring about the
larger concerns of Pepys’s modern counterparts.

Nevertheless, 1 suggest The Double Helix as therapy for those
who think of science as a realm permeated with unalloyed idealism
and of scientists as plumed knights searching always and exclusively
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for truth. The book is a harsh exclamation point to Daniel S.
Greenberg’s The Politics of Pure Science and might most meaning-
fully be read after reading Greenberg.

What worries me about The Double Helix is the effect it may
have on immature minds. High school and college students will read
it while deciding on the course of their individual careers. Will they
become scientists? The more idealistic they are, the more they are
needed in science, and the more negatively they will react to Wat-
son’s story of how one Nobel Prize was gained. Fortunately for the
future of science, they will acquire a certain amount of perspective
from the knowledge that the two men who got the 1962 prize with
Watson objected to the text of The Double Helix with sufficient
vigor to encourage the university press of his home campus—Har-
vard—to abandon the book’s publication (it is issued under the col-
ophon of Atheneum). Furthermore, The Double Helix is so frag-
mentary and incomplete a mirror of the search for DNA structure
that anyone who hopes to understand the true history of this enter-
prise must turn to other books, including Watson’s own Molecular
Biology of the Gene.

It was the great Charles Darwin who first aroused wide interest in
inheritance by promulgating the theory of evolution. Darwin had
been developing the theory for years before receiving from the
South Seas a letter in which Alfred Russel Wallace outlined a con-
cept identical to Darwin’s. Yet the Darwinian sense of fair play
required simultaneous publication with Wallace of scientific papers
“on the tendency of species to form varieties.” To Darwin competi-
tion in generation of ideas was honorable; short cuts to recognition,
at the possible expense of competitors, were not.

Darwin did not know how one species could mutate into another.
The reason for his ignorance was that the fellow who discovered the
laws of heredity had as little interest as Darwin did in personal
aggrandizement. When the Austrian monk Gregor Mendel began
a methodical crossing of sweet peas in his monastery garden, he
wanted only to learn how nature went about things.

The nuclei of cells were suspected of major influence in heredity
very early. So Friedrich Miescher, a Swiss chemist, looked for the
biggest nucleus he could find. It turned out to be in the pus cell, and
he discovered the existence of nucleic acid by laboriously washing
smelly bandages in the local hospital.

Thomas Hunt Morgan, an American, induced mutations in fruit
flies with chemical agents. H. J. Muller switched to X-ray bombard-
ment of fruit flies and established the function of the gene. George
Beadle and E. L. Tatum replaced the fruit flies with bread mold and
arrived at the concept that a specific gene caused a specific conse-
quence—the one-gene, one-enzyme theory.
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None of these men clawed his way to public attention. Even more
modest than they was Oswald T. Avery, a Rockefeller Institute pro-
fessor who, in 1944, with the help of two students—Colin M.
MacLeod and Maclyn McCarty—identified DNA as “the transform-
ing agent” in all heredity transactions. Ernest Borek put it best in
The Code of Life when he compared Albert Einstein’s physical
equation energy equals mass times the speed of light squared with
Avery’s biological formula DNA equals hereditary information.

By the time James D. Watson appeared on the scene in the fall of
1951, yearning aloud for a Nobel Prize (it doesn’t sound plausible
but that is what he says in The Double Helix), the next logical step
in DNA research was to figure out how the DNA molecule was put
together and then to put it together artificially.

Linus Pauling had already shown that protein molecules are heli-
cal in their molecular shape. Many scientists therefore assumed that
DNA also would be a helix. The British X-ray crystallographer Wil-
liam Astbury had figured out, as far back as 1938, that the DNA
structure would have flat plates standing at right angles to the long
axis of the molecule. Dr. Erwin Chargaff of Columbia University
had calculated that the plates would be of four types—guanine,
cytosine, adenine, and thymine—and that the number of guanines
would always match the number of cytosines while the adenines
matched the thymines.

In other words, there would be in the DNA molecule a spiral
stairway with steps in a particular order. The question that remained
to be decided was whether the step-plates were within or outside the
spiral.

Plf Watson had been willing to consider Rosalind Franklin as an
intellectual equal instead of deriding her as a mindless shrew, he
could easily have seen how to accept her thesis that the sugar-phos-
phate backbone of the DNA structure must be on the outside and
the plates within. That’s the conclusion he reached in the end, after
playing with his tinker-toy models of atoms until they fit the pattern
of her X-rays.

“Virtually everybody mentioned in this book is alive and intellec-
tually active,” Watson says in the epilogue to The Double Helix.
“All of these people, should they so desire, can indicate events and
details they remember differently.” He continues:

But there is one unfortunate exception. In 1958, Rosalind Frank-
lin died at the early age of thirty-seven. Since my initial impres-
sions of her, both scientific and personal (as recorded in the early
pages of this book), were often wrong, I want to say something
here about her achievements. The X-ray work she did at King’s is
increasingly regarded as superb. The sorting out of the A and B
forms [of DNA crystals] by itself would have made her reputa-
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tion; even better was her 1952 demonstration . . . that the phos-
phate groups must be on the outside of the DNA molecule.

If the body of the text of The Double Helix approached the tone
of this passage, my opinion of the whole would be vastly different.

The prologue to the book likewise is suggestive of a sober second
look:

We were only a few minutes out of sight of the hotel [on a climb
in the Alps in 1955] when we saw a party coming down upon us,
and I quickly recognized one of the climbers. He was Willy
Seeds, a scientist who several years before had worked at King’s
College, London, with Maurice Wilkins on the optical properties
of DNA fibers. Willy soon spotted me, slowed down, and momen-
tarily gave the impression that he might remove his rucksack and
chat for a while. But all he said was, “How’s Honest Jim?” and,
quickly increasing his pace, was soon below me on the path.

ALEX COMFORT
Two Cultures No More (1968) }

There has never been anything quite like this tactless and truly
remarkable book. Authors with marginal scientific experience have
now and then managed to convey a little of what goes on in science:
“The Small Back Room” comes to mind. This is the first time a sci-
entist has done so. The reason, I think, is simple. Science is a de-
fence as well as an activity, for the personalities who engage in it.
One doesn’t write a lowdown on the Church while staying in Holy
Orders—only the drop-outs oblige.

Jim Watson is possibly the only living Nobel prizewinner who
both could, and would do the job in this form. His rightness is uner-
ring. The manner he has picked—Balchin plus Le Carré—is stylisti-
cally right for the times (this is far more readable than any comedy
thriller). A long-standing skill in living his anchor character—Jim
Watson the Downtrodden Boffin—is carried brilliantly on to the
page. The tactlessness, shocking at first, is never that of the mali-
cious enfant terrible (it is just the frank statement of what he
thought at the time) and is two-way, as in Pepys. If Watson and
Crick mistook the very unstuffy head of the Cavendish, Sir Lawr-
ence Bragg, for a stuffed shirt, Sir Lawrence mistook them for two

t From the Manchester Guardian, May Institute for Higher Studies in Santa
16, 1968, p. 10. Alex Comfort (b. 1920) Barbara, California. His research deals
was director of research in gerontology  with the biological aspects of medicine.
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In 1975, he became Senior Fellow at the
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loudmouthed young men who devoted more time to talking and
drinking than to experiment. It is now Sir Lawrence who writes the
preface to this book.

I first saw Watson in action only a few weeks back, at an Ameri-
can Cancer Society press conference—a headscratching, unzipped,
Goon-like figure, presenting very involved, very important
hypotheses about cytogenetics which were fascinating when he
remembered to use the microphone. The press laid down its collec-
tive pencil and waited until he had done and it could crowd round.
“Dr. Watson, what would be the most hopeful approach now to
doing something about cancer?” Watson, looking deeply innocent—
“Why, dump LBJ, of course. . . .” Watson dealing deadpan with a
reporter who doesn’t recognise him and asks him if he’s read The
Double Helix. Watson listening intently to my own humble contri-
bution, and asking me next time we meet which paper I work for.
Watson, indeed, remarking in his own book, after having failed to
shock an expectant Baroness by actually arriving clothed at her
party: “the message of my first meeting with the aristocracy was
clear-——I would not be invited back if I acted like everyone else.”

Novelistic Insight

But, in acting out this Spike Milligan character, Watson the writer
handles him with the panache of a brilliant novelist. The style is
elated, and so it should be: there is no experience of human intoxi-
cation to equal the solving of a fundamental problem in Cambridge
in early spring, when one is in one’s twenties. This excitement is
transmitted to any reader, even if he thinks DNA is a kind of air-
craft glue.

Moreover, with Watson’s essentially novelistic insight all of the
other characters emerge novelistically—not as caricatures, through
the technique of making them live is by over-emphasis, but as
people. Wilkins, the precisian, who had done most of the work and
who had (according to Watson) to be induced to let the two
embryo geniuses work on it: Bragg, trying to maintain some kind of
order in his department against the activities of the Watson-Crick
Goon Show: Rosy Franklin, the formidable lady researcher who
had precious little use for either Goon, and chased Watson out of
her lab (poor Dr. Franklin, one of the most brilliant women in her
subject, bitterly robbed by early death of her share in the same
Nobel prize). Watson pays her a charming posthumous tribute—
but still doesn’t excise his uproarious account of earlier happenings.

All this could be simply good, clean fun. What is far more impor-
tant is the way in which Watson points the contribution of all these
people, Goons and precisians, experimenters and inspirational theo-



200 -+ Jacob Bronowski

rists, to the fabric of research: and above all, the way in which, once
the molecular model was built, and was seen to be right—intellec-
tually, aesthetically, genetically—all the uneasy collaborators, the
arguers, the frank rivals, united in their appreciation and acceptance
of it. In what other activity would cut-throat competitors for a great
prestige prize be wholly reconciled by the aptness of the successful
solution? It says a lot for the moral discipline of science.

One could dig deeper. By tradition our culture exposes artists to
the psychoanalytic process, but not scientists. Scientists are opting
into the world of the wholly reality-centred, often as refugees from
their unconscious. This is another book—I won’t pursue it, but leave
it to Watson’s readers: the material is here. I would only suggest
that this book marks the final interment of current nonsense about
the two cultures. In depicting the true diversity of minds in any sci-
entific project, while graduating as a major literary talent, Watson
effectively puts the Spike Milligan on that one. We could do worse
than give him a second Nobel gong for literature.

JACOB BRONOWSKI
Honest Jim and the Tinker Toy Model (1968) t

James Watson and Francis Crick both enjoy (I use the verb liter-
ally) the reputation of enfants terribles among their fellows in biol-
ogy. Francis Crick likes the stress to be on the word terrible, of
course, as any Englishman does. But James Watson is a child of
America, the culture indifferently of the spoiled child and the child
wonder, and he has never balked at the simple art of playing the
enfant.

The pleasure of this book about their collaboration is that it per-
fectly catches both attitudes. It is an open secret that there have
been some disputes over it, chiefly between the principals (who
include Dr. Maurice H. F. Wilkins of the University of London,
who shared the Nobel award with Watson and Crick), but also with
others in the story, and that the book has been changed and bowd-
lerized here and there as a result. As a reader with an average
relish for gossip, I am of course sorry to lose any of the small darts
of fun and barbs of malice that have gone. But it would be silly to
pretend that the book has lost its savor because they are now fewer
than they were. It remains just what James Watson perceived and

t From The Nation, 206 (March 18, sively on the ethical and philosophical
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mathematics, but he also wrote exten-
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conceived in the beginning, a classical fable about the charmed sev-
enth sons, the antiheroes of folklore who stumble from one comic
mishap to the next until inevitably they fall into the funniest adven-
ture of all: they guess the magic riddle correctly. Though the tradi-
tional parts of Rosalind Franklin as the witch and Linus Pauling as
the rival suitor (for example) have been toned down, they are still
unmistakably what they were, mythological postures rather than
characters.

Historically, the essential story goes in this way. James Watson
was 23 and a recent Ph.D. when he came to Cambridge in 1951 on
the fag end of a fellowship to learn about nucleic acids. Francis
Crick whom he met there was 35, but he had not yet finished his
Ph.D. because he had been a fledgling physicist when the war began
and had only turned about to biology in 1947. There was by now a
spreading belief (based on the work of O. T. Avery toward the end
of the war) that the material that carries the blueprint of heredity
from the cells of the parents to those of the child might not after all
be composed of proteins, as had long been thought, but of nucleic
acids, DNA. Since it was evident that DNA is many times simpler
than any protein, this was a cheering thought, and Watson and
Crick cheerfully resolved to unravel its chemical structure. I ought
to say this more exactly: they proposed to build up a geometrical
model of the DNA molecule from which its known properties and
behavior would be seen to follow naturally.

The sum total of known properties of DNA that they had to
guide them was meager. There were pictures taken by the diffraction
of X-rays in Wilkins’ laboratory in London which suggested to them
that the molecule had the shape of a regular spiral. Everyone’s mind
was then full of spirals because Linus Pauling had recently built a
model which showed that there is an underlying spiral in some pro-
teins—the alpha-helix. Francis Crick was able to calculate precisely
what X-ray picture a spiral or helix will produce, and that was his
first important paper.

It was known that each nucleic acid is composed of the same four
chemical bases, and is presumably characterized by the particular
pattern of repetitions in which they are strung along the chemical
backbone of the helix. It was likely that the helix had several
strands, and Rosalind Franklin was sure (but Watson and Crick
were not) that the bases were strung inside the backbone and not
outside. Above all, Crick and Watson had one master key to the
structure which other workers disregarded. They were impressed by
the evidence of Erwin Chargaff that the four chemical bases come
in pairs—the number of units of thymine seemed to be always the
same as the number of adenine, and the number of units of cytosine
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the same as those of guanine. Unfortunately, between the intervals
of being impressed, they mostly disregarded it too.

With this modest equipment of the known and the hazarded, the
two young men set out to solve the problem that goes back to
Gregor Mendel crossing peas in a monastery garden 100 years ago;
how is heredity handed on physically? They tackled it by building
tinker-toy models of whatever looked like possible arrangements of
the bases in DNA. This seems a childish and farfetched procedure,
and they had some nasty setbacks with it; yet it worked, and in
eighteen months they had the structure that renowned men were
looking for from London to Pasadena.

In retrospect, the achievement is so lucid that it looks transparent.
The helix, made of two matched strands, a unit of thymine always
opposite one of adenine, and cytosine always opposite guanine, is so
logical and natural that it now seems self-evident. Clearly this is
how the dividing cell is able to split its hereditary material in half,
and how each of the two daughter cells is able to make a whole
again by using one strand of DNA as a template to form the other
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formal account has ever done. Of course it will be read by scientists,
but what it has to say is vivid and important for every reader. For
example, it will bring home to the nonscientist how the scientific
method really works: that we invent a model and then test its conse-
quences, and that it is this conjunction of imagination and realism
that constitutes the inductive method. The models in science are not
always as concrete as those which Crick and Watson put together
with their hands; Albert Einstein could not have made a visible
model of his space-time; and yet space-time is a model, and so is
every discovery, and it takes its power from the closeness with
which the consequences that flow from it match the real world.
Building models with one’s hands is an engaging task, during
which the builder becomes attached to his model and is tempted to
gloss over its faults. Since most models are wrong and have to be
discarded, however attractive they seem, it is therefore helpful to
have two people at work, so that each may be ruthless with the
other. This is a point that Francis Crick has made, and it comes out
firmly in this book—the progress of science depends on criticism.

i ‘lli‘ strand. If we had to design heredity, and were as simple' as nature This is why there are no scientific critics in the sense that there are
i and as clever as Crick and Watson, that is just how we would do it. literary critics in their own right. Criticism is a necessary and posi-
hEi tive function in science, but it has no independent status; and if you

No one could miss the excitement in this story of a great and
beautiful discovery. But James Watson has given it something more,
and unexpected: a quality of innocence and absurdity that children
have when they tell a fairy story. The style is shy and sly, bumbling
and irreverent, artless and good-humored and mischievous, so that
the book leaves us with the spirited sense of intellectual knockabout
of a novel by Kingsley Amis. It would obviously have been called
Lucky Jim if Amis had not been so inconsiderate as to make that
title famous in advance. In the same vein, it was called at different
times Honest Jim and (with a tartar pun) Base Pairs before it set-
tled down soberly to The Double Helix: and the easy air of confi-
dence that has gone from the title still blows happily through the
narrative,

Of course there are hidden tugs of personality that give this brisk
edge to the style. In a sense, James Watson is playing Boswell, and
inevitably Francis Crick becomes Dr. Johnson—monumental,
admired, and (every so often) scored off. And if the effect is amus-
ing as a tease, it is also fair. After all, the story is not an adventure
of Sherlock Holmes, and James Watson did not play that Dr.
Watson. What he writes is a labor of love—a labor of self-love in
part, no doubt, but dominated by the love for the open adventure of
science that formed and troubled and fulfilled his dreams.

In the result, the book communicates the spirit of science as no

cannot make and take it without anger, then (like Jimmy Porter in
John Osborne’s play) you are out of place in the world of change
that science creates and inhabits.

I come back to the phrase I have already used, that James
Watson in this book expresses the open adventure of science; the
sense of the future, the high spirits and the rivalry and the guesses
right and wrong, the surge of imagination and the test of fact. Sci-
ence is an optimistic profession because anyone can win the prizes
but he has to work for them, he has to prove his gifts and to love
his work—they are not prizes in a lottery or a shooting gallery. This
is a contemporary message that every reader ought to get from the
book, and it gives it the force of a social document. Its two happy,
bustling, comic anti-heroes are new in literature today and yet
should be a model for it, because they run head-on against the nos-
talgia for defeat which haunts the writer'’s imagery of action now.
Here is a working world that shows by contrast how pitiful are the
heroes of violence and hard luck, the numbers players, the addicts
and the Kansas Killers; and that we are to be pitied for envying their
Trage on the pretext that it is a form of social protest. I do not sup-
Pose The Double Helix will outsell Truman Capote’s In Cold Blood,
but it is a more characteristic criticism and chronicle of our age,
and young men will be fired by it when Perry Smith and Dick Hick-
ock no longer interest even an analyst.
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CONRAD H. WADDINGTON
Riding High on a Spiral (1968)+

Everyone knows that The Double Helix is a personal account, by
one of the main actors, in what the author describes as “perhaps the
most famous event in biology since Darwin’s book,” a claim which
the writer of the blurb on the dust-jacket—a type of writer not
usually given to understatement—cautiously modifies to “a discov-
ery that many scientists now call the most significant since Men-
del’s.”

Most people know also, by now, that a rather large number of
Watson’s biological colleagues are offended, some quite deeply, by
the manner in which he has treated the subject. The editor of
Nature pathetically confessed:

Before Nature abandoned the attempt to complement the literary
appraisal which will be published next week by a scientific opin-
ion, no fewer than a dozen distinguished molecular biologists
had declined an invitation to review the book, usually on the
grounds that they were too close to the subject, too far away from
it or too busy.

That is enough to make any biologist-reviewer look to his own cre-
dentials.

Is it a work of psychological insight which for the first time
makes it possible for the general reader to realise what it feels like
to be a productive and even creative young scientist in a major
centre like Cambridge? Well, a little Yes, but mostly No. One sur-
prise is the demureness of the picture Jim paints in one of his sub-
themes—how he used to make time to go and drink sherry with au
pair girls at the boarding house run by Camille Prior, one of the
most formidable Establishment hostesses of Cambridge. In my day,
the tough Thirties time of the Depression and the Spanish War, we
certainly didn’t make do with sherry in drawing-rooms.

Still, there are, so far as I know, very few descriptions of the sci-
entist’s life which give even as much of its feeling as Watson’s book
does. Needham’s essay “Cambridge Summer,” published in History
is on our Side (Allen & Unwin 1946), is perhaps the nearest to
filling the bill, and to making the essential point that creative young
scientists are, nearly always, inhabitants of a demi-monde, a Bo-
hemia, which has only the most uneasy of relations with the estab-
lished world of Fellows of colleges and university staff.

There has been more writing about this sort of situation in
+ From The Sunday Times (London), His research dealt with the relation of
May 25, 1968, p. 1. Conrad H. Wadding- genes to development., He also published

ton (1908-1974) was Professor of Animal extensively on the ethical and philo-
Genetics at the University of Edinburgh. sophical implications of biology.
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connection with painting than with science; but more usually by
painters’ girl-friends than by the painters themselves. In this aspect,
The Double Helix is quite comparable to that charming work
Picasso and His Friends by Fernand Olivier, or even Life with
Picasso by Frangoise Gilot. And one finds that the comments
which Picasso, a hundred per cent. concentrated on his own line,
would make about, say, Matisse, who was on a different line, are
little less biting than some of the opinions Jim Watson throws out
about his colleages and competitors. But perhaps Picasso was a little
smoother; one of the major criticisms of Watson is that he seems to
be some way towards the maniac egocentricity exhibited, in the
world of painting, by Salvador Dali in his autobiographical works
In Modern Art and Autobiography of a Genius.

Again “The Double Helix” fails to present a typical picture by
omitting the hard discipline to which most scientists are constrained
by their experimental material. A scientist may take a popsy to the
cinema, but he is likely to have to tell her that “I've got to get back
to the lab by 11 p.m., and I'll be busy there for an hour and a half”
to deal with something just when it is ready. And during that hour
and a half, he will be alone, looking at some solid undeniable fact or
process which he is trying to comprehend. There is no evidence in
the book that Jim Watson had ever seen any DNA, let alone
started with ten pounds of liver, or whatever, and prepared it. It's as
though one wrote an account of the life of a musician who never
did any practice.

And so we come to the major issue. Is the event that Watson
chronicles the most significant discovery since Darwin (or Mendel);
and does his account show us “how creative science really hap-
pens”? The short answer is that Jim Watson is writing about only
the very final stages in a scientific advance which had been put
firmly on the rails long before he came on the scene; but what he
and Crick worked out in 1953 turned out to be enormously more
suggestive than anyone had a right to expect, and led to an almost
fantastic effloresence of new biological understanding, most of it
dominated by the incisive intelligence of Crick. The actual “creative
process” by which the 1953 “breakthrough” was achieved does not,
however, in my opinion, rank very high as scientific creation goes.

The major discoveries in science consist in finding new ways of
looking at a whole group of phenomena. Why did anyone ever come
to feel that the structure of DNA was the secret of life? It was the
result of a long battle. Right up to, and beyond, the Crick-Watson
breakthrough of 1953, biological orthodoxy held that the most
important characteristic of living things is that they can take in
simple foodstuffs and turn them into complicated fiesh.

It was back in the late Twenties that a few geneticists, particularly
H. J. Muller, began to urge that this view is inadequate, and that the
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real “secret of life” is to be sought in the hereditary material—not
only what it is, but how it works. By the late Thirties there was a
small group of a dozen or so who had developed the subversive
point of view to the state where one could begin formulating ques-
tions definite enough to be answerable. I was myself on the periph-
ery of the group; the important ones were geneticists like Darling-
ton in this country, Ephrussi in Paris, Timofeef-Ressovsky in Berlin;
a few physicists, like Delbriick; and, in particular, crystallographers
like Astbury and Bernal.

It was this group which changed the whole direction of funda-
mental biology from a concentration on metabolism to a focus on
genetics; and they pointed out that the genetic material consists of
protein and DNA, though they could not tell at that time which
was the more important; and finally they suggested that the most
promising way to investigate the structure of the material was X-ray
crystallography. The work of this group was almost totally disrupted
by the second world war, but their message was widely disseminated
by the physicist Schrédinger, living in Ireland, in his elegant little
book What is Life?, published in 1944. During the war years
another major step had been taken by Avery, who showed that, of
the two constituents of the genetic material, it is the DNA, not the
protein, which is crucially important.

So when Crick and Watson in Cambridge, and Wilkins and his
associates in London, began working, the critical stage of asking the
right questions had been accomplished. DNA was, as Wason puts
it, “up for grabs,” and one could look on the search for its structure
as a race, to be played with no holds barred.

This is a rather abnormal situation in important science, and the
overwhelming importance which Watson gives to “getting there
first” is a violently exaggerated picture of what is usually an impor-
tant but by no means dominating preoccupation of active scientists.
Moreover, even in connection with DNA, getting there first was
not so important in the long term. DNA plays a role in life rather
like that played by the telephone directory in the social life of
London: you can’t do anything much without it, but, having it, you
need a lot of other things—telephones, wires and so on—as well.

It might have been—and Watson and Crick were aware of the
possibility—that the structure of DNA would be as barren of
suggestion as the entries in a telephone directory. Watson records
(page 188) his “delight and amazement, the answer was turning out
to be profoundly interesting.” The real importance of the Watson-
Crick-Wilkins structure was not simply that a race had been won
against Pauling or any others, but much more that it suggested a
whole series of new and fruitful questions about how it operates
biologically—and Crick with his colleague, Sydney Brenner, has
played a major part both in asking and answering them.
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Not only was the situation Watson describes, of a highly competi-
tive race for a well-defined goal, rather unlike the conditions in
which most science is done, but also the type of thinking he used is
not typical of most science. Watson approached DNA as though it
were a super-complex jigsaw puzzle; a puzzle in three dimensions
and with slightly illegible pieces.

Solving a puzzle like this demands a very high intelligence and
Watson gives a vivid blow by blow account of how he did it. But
this is not the sort of operation that was involved in such major sci-
entific advances as Darwin’s theory of evolution, Einstein’s relativity
or Planck’s quantum theory. And one is struck by how little Watson
used a faculty which usually plays a large part in scientific discovery
namely intuitive understanding of the material.

I will mention two examples, one more technical, one concerned
with more abstract logic. When Watson was trying to put together
certain molecules, known as thymine and guanine known to occur
in two alternative forms, he just copied the shapes out of a chemical
textbook and had not a trace of technical intuition as to which
shape was more probable.

Again, on the more abstract level, the whole of genetics is con-
cerned with one thing turning into two, or occasionally two turning
into one; the number three never comes into the picture. Yet
Watson spent a lot of time trying to work out a three-stranded struc-
ture for DNA. The very idea of threes would make all one’s biologi-
cal intution shudder. Of course, intution can be drastically wrong;
but it is usually a strong guide in innovative thinking.

Watson’s book, then, gives a vivid and exciting account of a dra-
matic episode in modern biology. The episode was enormously
important, not so much because it led to the discovery of the struc-
ture of DNA, but because the structure discovered turned out to
be extremely suggestive of further lines of advance. But the situation
he describes so well is not typical of most top-level science, either as
an example of the sociology of science or in the type of thought
process involved.

MAX F. PERUTZ, M. H. F. WILKINS,
and JAMES D. WATSON

Three Letters to the Editor of Science (1969)+

I recently came across Dr. E. Chargaff’s review! of J. D. Wat-
son’s book The Double Helix.2 1 was disturbed by his quotation of
an episode which relates how I handed to Watson and Crick an

t From Science, June 27, 1969, pp. 1537-1538. Superscripts refer to the References
that follow each letter.
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allegedly confidential report by Professor J. T. Randall with vital
information about the x-ray diffraction pattern of DNA.

As this might indicate a breach of faith on my part, I have tried
to discover what historical accuracy there is in Watson’s version of
the story, which reads as follows:3

Even during good films I found it almost impossible to forget the
bases. The fact that we had at last produced a stereochemically
reasonable configuration for the backbone was always at the back
of my head. Moreover, there was no longer any fear that it would
be incompatible with the experimental data. By then it had been
checked out with Rosy’s precise measurements. Rosy, of course,
did not directly give her data. For that matter, no one at King’s
realized they were in our hands. We came upon them because of
Max’s membership on a committee appointed by the Medical
Research Council to look into the research activities of Randall’s
lab. Since Randall wished to convince the outside committee that
he had a productive research group, he had instructed his people
to draw up a comprehensive summary of their accomplishments.
In due time this was prepared in mimeographed form and sent
routinely to all committee members. As soon as Max saw the sec-
tions by Rosy and Maurice, he brought the report in to Francis
and me. Quickly scanning its contents Francis sensed with relief
that following my return from King’s I had correctly reported to
him the essential features of the “B” pattern. Thus only minor
modifications were necessary in our backbone configuration.

Watson showed me his book twice in manuscript; I regret that I
failed to notice how this passage would be interpreted by others and
did not ask him to alter it. The incident, as told by Watson, does an
injustice to the history of one of the greatest discoveries of the cen-
tury. It pictures Wilkins and Miss Franklin jealously trying to keep
their data secret, and Watson and Crick getting hold of them in an
underhand way, through a confidential report passed on by me.
What historical evidence I have been able to collect does not corror-
borate this story. In summary, the committee of which I was a
member did not exist to “look into the research activities of Ran-
dall’s 1ab,” but to bring the different Medical Research Council units
working in the field of biophysics into touch with each other. The
report was not confidential and contained no data that Watson had
not already heard about from Miss Franklin and Wilkins them-
selves. It did contain one important piece of crystallographic infor-
mation useful to Crick; however, Crick might have had this more
than a year earlier if Watson had taken notes at a seminar given by
Miss Franklin.

I discarded the papers of the committee many years ago but the
Medical Research Council kindly found them for me in their
archives. According to their records there were, in fact, two com-
mittees. First, the Biophysics Research Unit Advisory Committee,
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set up at the beginning of 1947 “to advise regarding the scheme of
research in biophysics under the direction of Professor J. T. Ran-
dall.” Neither Randall nor I were members of that committee; I
did not know of its existence until recently. It held its final meeting
in October 1947, 5 years before the episode related by Watson.
Later that year the Council set up the Biophysics Committee “to
advise and assist the Council in promoting research work over the
whole field of biophysics in relation to medicine.” This new com-
mittee consisted mainly of the heads of all the Medical Research
Council units related to biophysics, and included Randall and
myself. We visited each laboratory in turn; the director would tell
the others about the research in his unit and circulate a report.
The reports were not confidential. The committee served to ex-
change information but was not a review body; we were never
asked for an opinion of the work we saw. The Medical Research
Council dissolved it in 1954, in the words of the official letter
because “the Committee has fulfilled the purpose for which it was
set up, namely to establish contact between the groups of people
working for the Council in this field.” * * *

On 15 December 1952, we met in Randall’s laboratory where he
gave us a talk and also circulated the report referred to in Watson’s
book. As far as I can remember, Crick heard about its existence
from Wilkins, with whom he had frequent contact and either he or
Watson asked me if they could see it. I realized later that, as a
matter of courtesy, I should have asked Randall for permission to
show it to Watson and Crick, but in 1953 I was inexperienced and
casual in administrative matters and, since the report was not confi-
dential, I saw no reason for withholding it.

I now come to the technical details of the report. It includes one
short section describing Wilkins’ work on DNA and nucleoprotein
structures and then another on “X-ray studies of calf thymus DNA”
by R. E. Franklin and R. G. Gosling. * * * They contain only two
pieces of numerical data. One is the length of the fiber axis repeat of
34 A in the wet or “B” form of DNA; this is the biologically more
important form, solved by Watson and Crick. The other piece con-
sists of the unit-cell dimensions and symmetry of the partially dried
“A” form, which was the one discovered and worked on by Wilkins
and Miss Franklin, to be solved later by Wilkins and his colleagues.
The report contained no copies of the x-ray diffraction photographs
of either form.

We can now ask if this section really contained “Rosy’s precise
measurements needed to check out” Watson and Crick’s tentative
model and whether it is true that “Rosy did not give us her data . ..
and no one at King’s realized that they were in our hands.” In fact,
the report contained no details of the vital “B” pattern apart from
the 34 A repeat, but Watson, according to his own account heard
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them from Wilkins himself, shortly before he saw the report. This
story is told in chapter 23, relating Watson’s visit to King’s College
in late January 1953 where Miss Franklin supposedly tried to hit
him and where Wilkins showed him a print of one of her exciting
new x-ray photographs of the “B” form of DNA. The next chapter
(24) begins as follows: “Bragg was in Max’s office when I rushed in
the next day to blurt out what I had learned. Francis was not yet in,
for it was a Saturday morning and he was home in bed glancing at
the Nature that had come in the morning mail. Quickly I started to
run through the details of the “B” form of DNA, making a rough
sketch to show the evidence that DNA was a helix which repeated
its pattern every 34 A along the helical axis.” The incident of the
report comes in the following chapter (25) and is dated early 1953.

It is interesting that a drawing of the “B” patterns from squid
sperm is also contained in a letter from Wilkins to Crick written
before Christmas 1952. All this clearly shows that Wilkins disclosed
many, even though perhaps not all, of the data obtained at King's to
either Watson or Crick.

Turning now to the x-ray pattern of the “A” form, this had been
the subject of a seminar given by Miss Franklin at King’s in
November 1951, an occasion described by Watson in chapter r10.
After Miss Franklin’s tragic death in 1958, her colleague, Dr. A.
Klug, preserved her scientific papers; among these are her notes for
that seminar, which he now kindly showed me. These notes include
the unit-cell dimensions and symmetry of the “A” form which were
circulated in the report a year later.

Watson, according to his own account, had failed to take notes at
Miss Franklin’s seminar, so that he could not give the unit-cell
dimensions and symmetry to Crick afterward. Crick tells me now
that the report did bring the monoclinic symmetry of the unit cell
home to him for the first time. This really was an important clue as
it suggested the existence of twofold symmetry axes running normal
to the fiber axis, requiring the two chains of a double helical model
to run in opposite directions, but he could clearly have had this clue
much earlier.

Max F. PERUTZ
42 Sedley Taylor Road, Cambridge, England
I0 April 1969
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In Dr. M. F. Perutz’s letter, extracts from a Medical Research
Council report are published for the first time. For those interested
in the history of the early x-ray studies of DNA at King’s College, I
give here the main facts which form the background to the report.

Early in 1951 “A” patterns of DNA and very diffuse “B” pat-
terns from DNA and from sperm heads indicated (as I described at
a meeting at Cambridge in 1951) that DNA was helical. Shortly
afterward, when Rosalind Franklin began experimental work on
DNA, she almost immediately obtained (in September 1951) the
first clear “B” patterns [described at a seminar in 1951 and pub-
lished in 1953].1 By the beginning of 1952 I had obtained basically
similar patterns from DNA from various sources and from sperm
heads. The resemblance? of the “B” patterns of DNA and those of
sperm was very clear at that time. The helical interpretation was
very obvious too, and it was proposed in general terms in Franklin’s
fellowship report.3 The “B” patterns of DNA that I obtained at that
time were quite adequate for a detaiied helical interpretation. This
was given later,* with one of the patterns, alongside the Watson and
Crick description® of their model. The best, and most helical-look-
ing “B” pattern, was obtained by Franklin in the first half of 1952
and was published in 1953,% also with a helical interpretation and
alongside the Watson-Crick paper. Confusion arose because, during
the summer of 1952, Franklin presented, in our laboratory, “A”-
type data (in three dimensions) which showed that the DNA mole-
cule was asymmetrical and therefore nonhelical. Later in the year I
wrote for the Medical Research Council report a summary of the
DNA x-ray work as a whole in our laboratory. Since our previous
emphasis had been entirely on helices, I drew attention in the report
to the nonhelical interpretation. In 1953, after the Watson-Crick
model had been built and when we had more precise “A” data, I
reexamined the question of DNA being nonhelical and found that
the data gave no support for the molecule being nonhelical.2

M. H. F. WiLKINS
Medical Research Council, Biophysics Research Unit,
King's College, London
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I am very sorry that, by not pointing out that the Randall report
was non-confidential, I portrayed Max Perutz in a way which
allowed your reviewer [Science 159, 1448 (1968)] to badly miscon-
strue his actions. The report was never marked “confidential,” and I
should have made the point clear in my text. It was my intention to
reconstruct the story accurately, and so most people mentioned in
the story were given the manuscript, either in first draft or in one of
the subsequent revisions, and asked for their detailed comments.

I must also make the following comments.

1) While I was at Cambridge (1951-53) I was led to believe by
general lab gossip that the MRC (Medical Research Council) Bio-
physics Committee’s real function was to oversee the MRC-King’s
College effort, then its biggest venture into pure science. I regret
that Perutz did not ask me to change this point.

2) The Randall report was really very useful, especially to Fran-
cis [Crick]. In writing the book I often underdescribed the science
involved, since a full description would kill the book for the general
reader. So I did not emphasize, on page 181, the difference between
“A” and “B” patterns. The relevant fact is not that in November
1951 I could have copied down Rosalind’s seminar data on the unit
cell dimensions and symmetry, but that I did not. When Francis was
rereading the report, after we realized the significance of the base
pairs and were building a model for the “B” structure, he suddenly
appreciated the diad axis and its implication for a two-chained struc-
ture. Also, the report’s explicit mention of the “B” form and its
obvious relation to the expansion of DNA fiber length with increase
of the surrounding humidity was a relief to Francis, who disliked
my habit of never writing anything on paper which I hear at meet-
ings or from friends. The fiasco of November 1951 arose largely
from my misinterpretation of Rosy’s talk, and with my knowledge
of crystallography not really much solider, I might have easily been
mistaken again. Thus the report, while not necessary, was very, very
helpful. And if Max had not been a member of the committee, I
feel that neither Francis nor I would have seen the report; and so, it
was a fluke that we saw it.

3) Lastly, Max’s implication that the King’s lab was generally
open with all their data badly oversimplifies a situation which, in my
book, I attempted to show was highly complicated in very human
ways.

1{?1 these points aside, I regret and apologize to Perutz for the
unfortunate passage.

JAMES D. WATSON
The Biological Laboratories, Harvard University,
Cambridge, Massachusetts
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ROBERT K. MERTON
Making It Scientificallyt

This is a wonderfully candid self-portrait of the scientist as a
young man in a hurry. Chattily written with pungent and ironic wit
and yet with an almost clinical detachment, it provides for the scien-
tist and the general reader alike a fascinating case-history in the psy-
chology and sociology of science as it describes the events that led
up to one of the great biological discoveries of our time. I know of
nothing quite like it in all the literature about scientists at work.

The bare facts of the case are public knowledge. In 1953, after
two years of work in the famed Cavendish Laboratory, the 2 5-year-
old American biologist, James D. Watson, and the 37-year-old Eng-
lish physicist-turned-biologist, Francis H. C. Crick, proposed a dou-
ble-helical model of the molecular structure of deoxyribonucleic
acid (DNA), the substance that transmits genetic information from
one generation to the next, and observed that this suggests a copying
mechanism for the genetic material. In 1962, they shared the Nobel
Prize in physiology and medicine with Maurice Wilkins, their some-
times inadvertent collaborator at King’s College (London) who had
for years been engaged in X-ray studies of DNA.

Behind these sparse facts is the complex, absorbing story of how
all this came to be. In “The Double Helix,” Watson tells that story
by adopting his heavily personalized version of the Rankean direc-
tive to write history wie es eigentlich gewesen ist (or, in the repul-
sive vernacular, to tell it like it was—or at least, as it seemed to the
youthful Jim Watson). For this decision, he has ample precedent in
principle, if not in practice. As far back as the early days of modern
science, Francis Bacon was complaining that “never any knowledge
was delivered in the same order it was invented.” Ever since, men of
science such as Leibniz and Mach, or to move swiftly to the present
day, the physicist Richard Feynman, have periodically reminded us
that the public record of science tends to produce a mythical
imagery of scientific work in which disembodied intellects move
toward discovery by inexorably logical steps, actuated all the while
only by the aim to advance knowledge.

This is hardly the picture Watson paints, either of himself or of
most of his colleagues. Instead, he depicts a variety and confusion
of motives, in which the objective of finding the structure of DNA
is intertwined with the tormenting pleasures of competition, contest
t From the New York Times Book fessor of sociology at Columbia Univer-

Review, February 25, 1968, pp. 1, 41-43, sity. One of his special areas of research
45. Robert K. Merton (b. 1910) is pro- interest is the sociology of science.
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and reward. Absorption in the scientific problem alternated with
periodic idleness, escape, play and girl-watching. Friendship and
hostility between collaborators was expressed in a nagging yet pro-
ductive symbiosis in which neither could really do without the spe-
cial abilities of the other. And all this engaged not only the passion
for creating new knowledge but also the passion for recognition by
scientific peers and the competition for place.

Watson makes no bones about it. In one of its aspects, the work
on DNA was for him a race, principally against Linus Pauling, for
the ultimate symbol of scientific accomplishment, the Nobel Prize.
He tells all who will listen about the excitement of the race, takes
unalloyed delight in learning that Pauling is apparently on the
wrong track and, in his youthful enthusiasm, joins in a toast “to the
Pauling failure. . . . Though the odds still appeared against us, Linus
had not yet won his Nobel.”

Though it might surprise the outsider, this emphasis on competi-
tion in science will scarcely come as news to working scientists.
They know from hardwon experience that multiple independent dis-
coveries are one of their occupational hazards. Since discoveries are
typically the temporary culmination of what has been found before,
when several scientists are working independently on the same prob-
lem, they are apt to move toward the same conclusion. As a result,
competition in science is as old as modern science itself. Almost
everyone placed in the pantheon of science, from the days of Gali-
leo and Newton, has been caught up in the consequent race for
priority. But seldom before has a scientist so revealingly described
for the general reader his own competitive motivation to get there
first.

Watson’s beautifully brash account serves to distinguish this com-
petitive motive from the closely allied motive of contest. Competi-
tion involves the attempt to win out against the field for the rewards
that come with victory; contest involves the directly sportive plea-
sure of beating particular others. Time and again, Watson records
his youthful pleasure in testing his powers against the best there is.
He is especially eager to outstrip the champions—Linus Pauling,
“the world’s greatest chemist,” for one and Erwin Chargaff, “one of
the world’s leading authorities on DNA,” for another.

And then there is the engagingly droll episode in which the ener-
getic young Watson decides to match himself against the even more
precocious enfant terrible, Joshua Lederberg. He reviews all of Led-
erberg’s recent experimental work on the genetics of bacteria and
finds, in true contest style, “particularly pleasing . . . the possibility
that Joshua might be so stuck on his classical way of thinking that I
would accomplish the unbelievable feat of beating him to the cor-
rect interpretation of his own experiments.”

Making It Scientifically - 215

These elements of competition, contest and reward have made
property rights an integral though still ambiguous part of the institu-
tion and ethics of science. For if the advancement of knowledge
were the only institutionalized motive for scientists, then the concept
of property rights would of course make little sense. What matters it
who advances our knowledge, providing only that it gets done? Yet
property rights have been a gray area in the mores of science for
quite some time. More than a century ago, the nonpareil physicist,
Clerk Maxwell was writing William Thomson: “I do not know the
Game laws and Patent laws of science . . . but I certainly intend to
poach among your electrical images.”

It is within this same context of property rights that Watson
describes his own and Crick’s initial hesitancy to move into work on
DNA structure: . . . this would create an awkward personal situa-
tion. At this time, molecular work on DNA in England was, for all
practical purposes, the personal property of Maurice Wilkins. . . . It
would have looked very bad if Francis [Crick] had jumped in on a
problem that Maurice had worked over for several years.”

In another of Watson’s clinically described episodes, which reads
like a paragraph drawn from Pepys, we see him ready to seize upon
an odd expedient for gaining access to badly needed information
from Wilkins. He experiences as a “tremendous stroke of good
luck” the circumstance that Wilkins appears to have “noticed that
my sister was very pretty. . . . Furthermore, if Maurice really liked
my sister, it was inevitable that I would become closely associated
with his X-ray work on DNA.” The immediate outcome is anti-cli-
mactic: “Neither the beauty of my sister nor my intense interest in
the DNA structure had snared him.”

As is now often the case at the forefront of science, only a part of
the information needed by Watson and Crick came through formal
channels of publication. Some of the salient information traveled on
grapevines of personal relations giving fact and rumor about who
was doing what that might be pertinent to their own work. Here,
too, Kinship ties could occasionally be utilized to advantage. With
temerity and self-mocking wit, Watson reports the occasions on
which Linus Pauling’s son, Peter, then a student at Cambridge,
became a prime source of information about what his father was up
to. This is the stuff that abounds in fiction but is rare in the proper
histories of scientific ideas.

All this competition and jockeying for position might seem to sug-
gest that science tends to recruit egotistic personalities, contentious
and exceedingly hungry for fame. However that may be—I happen
to doubt it—it does not explain these behavior patterns. For we
know that even ordinarily modest and retiring men, such as the
8reat 18th-century chemist Henry Cavendish himself, have been,
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however reluctantly, drawn into controversy over property rights in
science. It appears rather, as we see in Watson’s memoir, that the
competitive behavior of scientists results largely from values central
to the scientific enterprise itself. The institution of science puts an
abiding emphasis on significant originality as an ultimate value, and
demonstrated originality generally means coming upon the idea or
finding first. Recognition and fame thus appear to be more than
merely personal ambitions. They are institutionalized symbol and
reward for having done one’s job as a scientist superlatively well.

In the course of describing the behavior of his competitive and
abrasive young self, Watson tells us much else about the workings
of science at the frontiers. Some of this is just the sort of thing that
scientists ordinarily take so much for granted that only the more
reflective among them ever put it in so many words.

In science as in every other field of human activity, taste is of
prime importance. In one aspect, taste involves a capacity for distin-
guishing significant, that is, consequential problems from minor
ones. What Watson describes as the chase for the Nobel Prize
implies, of course, that Crick and he knew that they had hold of a
problem of the first magnitude. Meanwhile, many of their able peers
were busily and indispensably working on problems of far less con-
sequence for biology.

Watson also alerts us to the functions of the basic self-confidence
—even downright arrogance—of these young men of science as they
entered upon a field of inquiry new to them. It must have required
great ego-strength for them to take the plunge. For as Watson not
merely admits but repeatedly insists, at the outset they were ignorant
of much they needed to know in order to investigate the problem of
DNA structure. The impressive inventory of this announced igno-
rance includes the techniques of X-ray diffraction, Pauling’s work
on the alpha-helix, Bragg’s Law (“the most basic of all crystallogra-
phic ideas”) and the chemistry of hydrogen bonds. Yet, despite
occasional qualms, these newcomers had the adventurous fortitude
to acquire much of the knowledge they needed and the good luck to
have at their side the experts who could round out that knowledge
enough for them to do the job of imaginative scientific carpentry
that led to their momentous model.

From Watson’s narrative, we learn as much about the microenvi-
ronments of these scientists as about their personalities. It soon
becomes evident that Watson and Crick could not have accom-
plished what they did had it not been for the evocative environment
in which they worked. Watson singles out five principals: Crick,
Wilkins and Watson himself, of course, Pauling and Wilkins’ asso-
ciate, Rosalind Franklin.

But there are others who turn up in the story who were more
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than merely supporting members of the cast. And these were scien-
tific minds of the first order. At the Cavendish itself, there were
Max Perutz and John Kendrew (both destined to receive a Nobel
Prize in the same year as Watson and Crick) and the director of the
Laboratory (Sir Lawrence Bragg, who had been designated a laure-
ate some forty years before). Important to the outcome perhaps
above all else was the happy circumstance that placed the American
crystallographer, Jerry Donohue, in the same office with Watson and
Crick, for it was Donohue who put them on the right track by
showing them where the textbooks of structural chemistry had gone
wrong.

Outside the Cavendish, they were interacting with scientists of
topmost caliber: Watson’s teachers, S. E. Luria and Max Delbriick;
the three laureates-to-be André Lwoff, Joshua Lederberg and Doro-
thy Hodgkin; Seymour Benzer, Gunther Stent and Erwin Chargaff
(the man to whom Wilkins, in his Nobel Prize address, pays tribute
for having laid “the foundations for nucleic acid structural studies
and for generously helping us newcomers in the field of nucleic
acids”). Each in his own way, Watson tells us in effect, played his
part in making the outcome possible. This all adds up to the evident
but often neglected fact that science is much more of a collaborative
enterprise than is even hinted at by the lists of authors of scientific
works.

Still, as Watson is the first to warn us, he is describing only his
own, not necessarily representative, style of scientific inquiry. He
emphasizes, moreover, that the entire narrative is only his distinctly
personal version of how it all came about. The other participants in
these events might see them differently. And he comes close to draw-
ing the amply evident implication. If the other members of the cast
would write their own accounts, each from his own perspective,
these could be collated to provide the fullest and most profoundly
informative history we yet have of a basic contribution to science.

There remains only the question raised by some of Watson’s fel-
low-scientists after this book was serialized in the Atlantic Monthly.
Why did he decide to publish so intimate a history? Why has he
conscientiously violated the mores that govern the public demeanor
of scientists by reporting to all who would read what is ordinarily
known only to the inner circle? The explicit reason for writing the
book we have already noted: he wanted to give a full-blooded
account of at least one style of scientific investigation. But in the
prelude, not the preface, he intimates another reason for doing the
!Book. This is how he reports an episode occurring on a walking trip
In the Alps two years after the classical Watson-Crick paper had
been published:

“We were only a few minutes out of sight of the hotel when we
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saw a party coming down upon us, and I quickly recognized one of
the climbers. He was Willy Seeds, a scientist who several years
before had worked at King’s College, London, with Maurice Wilkins
on the optical properties of DNA fibers. Willy soon spotted me,
slowed down, and momentarily gave the impression that he might
remove his rucksack and chat for a while. But all he said was,
‘How’s Honest Jim?’ and quickly increasing his pace was soon below
me on the path.”

Placed within the context of the ambiguous norms of property in
science, here, perhaps, is James Watson’s A pologia pro Vita Sua.

PETER B. MEDAWAR

Lucky Jimt

On May 30, 1953 James Watson and Francis Crick published in
Nature a correct interpretation of the crystalline structure of deoxy-
ribonucleic acid, DNA. It was a great discovery, one which went far
beyond merely spelling out the spatial design of a large, compli-
cated, and important molecule. It explained how that molecule
could serve genetic purposes—that is to say, how DNA, within the
framework of a single common structure, could exist in forms var-
ious enough to encode the messages of heredity. It explained how
DNA could be stable in a crystalline sense and yet allow for muta-
bility. Above all it explained in principle, at a molecular level, how
DNA undergoes its primordial act of reproduction, the making of
more DNA exactly like itself. The great thing about their discovery
was its completeness, its air of finality. If Watson and Crick had
been seen groping toward an answer; if they had published a partly
right solution and had been obliged to follow it up with corrections
and glosses, some of them made by other people; if the solution had
come out piecemeal instead of in a blaze of understanding: then it
would still have been a great episode in biological history but some-
thing more in the common run of things; something splendidly well
done, but not done in the grand romantic manner.

The work that ended by making biological sense of the nucleic
acids began forty years ago in the shabby laboratories of the Minis-
try of Health in London. In 1928 Dr. Fred Griffith, one of the Min-

received the Nobel Prize in Medicine or
Physiology in 1960 and was knighted in
1965. His research deals with the biology
of the immune response, but he has also
published extensively on the philosophy
of science.

+ Reprinted by permission from the New
York Review of Books, March 28, 1968,
pp. 3-5. Sir Peter Medawar (b. 1915)
was director of the National Institute for
Medical Research at Mill Hill, London,
a post from which he retired in 1975. He

Lucky Jim - 219

istry’s Medical Officers, published in the Journal of Hygiene a paper
describing strange observations on the behavior of pneumococci—
behavior which suggested that they could undergo something akin to
a transmutation of bacterial species. The pneumococci exist in a vari-
ety of genetically different “types,” distinguished one from another
by the chemical make-up of their outer sheaths. Griffith injected
into mice a mixture of dead pneumococcal cells of one type and
living cells of another type, and in due course he recovered living
cells of the type that distinguished the dead cells in the original mix-
ture. On the face of it, he had observed a genetic transformation.
There was no good reason to question the results of the experiment.
Griffith was a well-known and highly expert bacteriologist whose
whole professional life had been devoted to describing and defining
the variant forms of bacteria, and his experiments (which fore-
stalled the more obvious objections to the meaning he read into
them) were straightforward and convincing. Griffith, above all an
epidemiologist, did not follow up his work on pneumococcal trans-
formation; nor did he witness its apotheosis, for in 1941 a bomb fell
in Enders Street which blew up the Ministry’s laboratory while he
and his close colleague William Scott were working in it.

The analysis of pneumococcal transformations was carried for-
ward by Martin Dawson and Richard Sia in Columbia University
and by Lionel Alloway at the Rockefeller Institute. Between them
they showed that the transformation could occur during cultivation
outside the body, and that the agent responsible for the transforma-
tion could pass through a filter fine enough to hold back the bacteria
themselves. These experiments were of great interest to bacteriolo-
gists because they gave a new insight into matters having to do with
the ups and downs of virulence; but most biologists and geneticists
were completely unaware that they were in progress. The dark ages
of DNA came to an end in 1944 with the publication from the
Rockefeller Institute of a paper by Oswald Avery and his young col-
leagues, Colin MacLeod and Maclyn McCarty, which gave very
good reasons for supposing that the transforming agent was “a
highly polymerized and viscous form of sodium desoxyribo-
nucleate.” This interpretation aroused much resentment, for many
scientists unconsciously deplore the resolution of mysteries they have
grown up with and have therefore come to love. It nevertheless
withstood all efforts to unseat it. Geneticists marveled at its signifi-
cance, for the agent that brought about the transformation could be
thought of as a naked gene. So very probably the genes were not
proteins after all, and the nucleic acids themselves could no longer
be thought of as a sort of skeletal material for the chromosomes.

The new conception was full of difficulties, the most serious being
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that (compared with the baroque profusion of different kinds of
proteins) the nucleic acids seemed too simple in make-up and too
little variegated to fulfill a genetic function. These doubts were set at
rest by Crick and Watson: the combinatorial variety of the four dif-
ferent bases that enter into the make-up of DNA is more than
enough to specify or code for the twenty different kinds of amino
acids of which proteins are compounded; more than enough, indeed,
to convey the detailed genetic message by which one generation of
organisms specifies the inborn constitution of the next. Thanks to
the work of Crick and half a dozen others, the form of the genetic
code, the scheme of signaling, has now been clarified, and, thanks to
work to which Watson has made important contributions, the mech-
anism by which the genetic message is mapped into the structure of
a protein is now in outline understood.

It is simply not worth arguing with anyone so obtuse as not to
realize that this complex of discoveries is the greatest achievement
of science in the twentieth century. I say “complex of discoveries”
because discoveries are not a single species of intellection; they are
of many different kinds, and Griffith’s and Crick-and-Watson’s were
as different as they could be. Griffith’s was a synthetic discovery, in
the philosophic sense of that word. It did not close up a visible gap
in natural knowledge, but entered upon territory not until then
known to exist. If scientific research had stopped by magic in, say,
1920 our picture of the world would not be known to be incomplete
for want of it. The elucidation of the structure of DNA was analyti-
cal in character. Ever since W. T. Astbury published his first X-ray
diffraction photographs we all knew that DNA had a crystalline
structure, but until the days of Crick and Watson no one knew what
it was. The gap was visible then, and if research had stopped in
1950 it would be visible still; our picture of the world would be
known to be imperfect. The importance of Griffith’s discovery was
historical only (I do not mean this in a depreciatory sense). He
might not have made it; it might not have been made to this very
day; but if he had not, then some other, different discovery would
have served an equivalent purpose, that is, would in due course have
given away the genetic function of DNA. The discovery of the
structure of DNA was logically necessary for the further advance of
molecular genetics. If Watson and Crick had not made it, someone
else would certainly have done so—almost certainly Linus Pauling,
and almost certainly very soon. It would have been that same dis-
covery, too; nothing else could take its place.

Watson and Crick (so Watson tells us) were extremely anxious
that Pauling should not be the first to get there. In one uneasy hour
they feared he had done so, but to their very great relief his solution
was erroneous, and they celebrated his failure with a toast. Such an
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admission will shock most laymen: so much, they will feel, for the
“objectivity” of science; so much for all that fine talk about the dis-
interested search for truth. In my opinion the idea that scientists
ought to be indifferent to matters of priority is simply humbug. Sci-
entists are entitled to be proud of their accomplishments, and what
accomplishments can they call “theirs” except the things they have
done or thought of first? People who criticize scientists for wanting
to enjoy the satisfaction of intellectual ownership are confusing pos-
sessiveness with pride of possession. Meanness, secretiveness, and
sharp practice are as much despised by scientists as by other decent
people in the world of ordinary everyday affairs; nor, in my experi-
ence, is generosity less common among them, or less highly
esteemed.

It could be said of Watson that, for a man so cheerfully conscious
of matters of priority, he is not very generous to his predecessors.
The mention of Astbury is perfunctory and of Avery a little conde-
scending. Fred Griffith is not mentioned at all. Yet a paragraph or
two would have done it, without derogating at all the splendor of his
own achievement. Why did he not make the effort?

It was not lack of generosity. I suggest, but stark insensibility.
These matters belong to scientific history, and the history of science
bores most scientists stiff. A great many highly creative scientists (I
classify Jim Watson among them) take it quite for granted, though
they are usually too polite or too ashamed to say so, that an interest
in the history of science is a sign of failing or unawakened powers.
It is not good enough to dismiss this as cultural barbarism, a coarse
renunciation of one of the glories of humane learning. It points
toward something distinctive about scientific learning, and instead of
making faces about it we should try to find out why such an attitude
is natural and understandable. A scientist’s present thoughts and
actions are of necessity shaped by what others have done and
thought before him; they are the wavefront of a continuous secular
process in which The Past does not have a dignified independent
existence on its own. Scientific understanding is the integral of a
curve of learning; science therefore in some sense comprehends its
history within itself. No Fred, no Jim: that is obvious, at least to
scientists; and being obvious it is understandable that it should be
left unsaid. (I am speaking, of course, about the history of scientific
endeavors and accomplishments, not about the history of scientific
ideas. Nor do I suggest that the history of science may not be pro-
foundly interesting as history. What I am saying is that it does not
often interest the scientist as science.)

Jim Watson (“James” doesn’t suit him) majored in Zoology in
Chicago and took his Ph.D. in Indiana, aged twenty-two. When he
arrived in Cambridge in 1951 there could have been nothing much
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to distinguish him from any other American “postdoctoral” in
search of experience abroad. By 1953 he was world famous. How
much did he owe to luck?

The part played by luck in scientific discovery is greatly over-
rated. Ces hasards ne sont que pour ceux qui jouent bien, as the
saying goes. The paradigm of all lucky accidents in science is the
discovery of penicillin—the spore floating in through the window,
the exposed culture plate, the halo of bacterial inhibition around the
spot on which it fell. What people forget is that Fleming had been
looking for penicillin, or something like it, since the middle of the
First World War. Phenomena such as these will not be appreciated,
may not be knowingly observed, except against a background of
prior expectations. A good scientist is discovery-prone. (As it haP-
pens there was an element of blind-luck in the discovery of penicil-
lin, though it was unknown to Fleming. Most antibiotics—hundreds
are now known—are murderously toxic, because they arrest the
growth of bacteria by interfering with metabolic processes of a kind
that bacteria have in common with higher organisms. Penicillin is
comparatively innocuous because it happens to interfere with a syn-
thetic process peculiar to bacteria, namely the synthesis of a distinc-
tive structural element of the bacterial cell wall.)

I do not think Watson was lucky except in the trite sense in which
we are all lucky or unlucky—that there were several branching
points in his career at which he might easily have gone off in a
direction other than the one he took. At such moments the reasons
that steer us one way or another are often trivial or ill thought-out.
In England a schoolboy of Watson’s precocity and style of genius
would probably have been steered toward literary studies. It just so
happens that during the 1950s, the first great age of molecular biol-
ogy, the English Schools of Oxford and particularly of Cambridge
produced more than a score of graduates of quite outstanding ability
—much more brilliant, inventive, articulate, and dialectically skillful
than most young scientists; right up in the Watson class. But Watson
had one towering advantage over all of them: in addition to being
extremely clever he had something important to be clever about.
This is an advantage which scientists enjoy over most other people
engaged in intellectual pursuits, and they enjoy it at all levels of cap-
ability. To be a first-rate scientist it is not necessary (and certainly
not sufficient) to be extremely clever, anyhow in a pyrotechnic
sense. One of the great social revolutions brought about by scientific
research has been the democratization of learning. Anyone who
combines strong common sense with an ordinary degree of imagina-
tiveness can become a creative scientist, and a happy one besides, in
so far as happiness depends upon being able to develop to the limit
of one’s abilities.
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Lucky or not, Watson was a highly privileged young man.
Throughout his formative years he worked first under and then with
scientists of great distinction; there were no dark unfathomed labo-
ratories in his career. Almost at once (and before he had done any-
thing to deserve it) he entered the privileged inner circle of scien-
tists among whom information is passed by a sort of beating of
tom-toms, while others await the publication of a formal paper in a
learned journal. But because it was unpremeditated we can count it
to luck that Watson fell in with Francis Crick, who (whatever
Watson may have intended) comes out in this book as the domi-
nant figure, a man of very great intellectual powers. By all accounts,
including Watson’s, each provided the right kind of intellectual envi-
ronment for the other. In no other form of serious creative activity
is there anything equivalent to a collaboration between scientists,
which is a subtle and complex business, and a triumph when it
comes off, because the skill and performance of a team of equals
can be more than the sum of individual capabilities. It was a rela-
tionship that did work, and in doing so brought them the utmost
credit.

Considered as literature, The Double Helix will be classified
under Memoirs, Scientific. No other book known to me can be so
described. It will be an enormous success, and deserves to be so—a
classic in the sense that it will go on being read. As with all good
memoirs, a fair amount of it consists of trivialities and idle chatter.
Like all good memoirs it has not been emasculated by considerations
of good taste. Many of the things Watson says about the people in
his story will offend them, but his own artless candor excuses him,
for he betrays in himself faults graver than those he professes to dis-
cern in others. The Double Helix is consistent in literary structure.
Watson’s gaze is always directed outward. There is no philosophiz-
ing or psychologizing to obscure our understanding; Watson displays
but does not observe himself. Autobiographies, unlike all other
works of literature, are part of their own subject matter. Their lies,
if any, are lies of their authors but not about their authors, who
(when discovered in falsehood) merely reveal a truth about them-
selves, namely that they are liars. Although it sounds a bit too well
remembered, Watson’s scientific narrative strikes me as perfectly
convincing. This is not to say that the apportionments of credits or
demerits are necessarily accurate: that is something which cannot be
decided in abstraction, but only after the people mentioned in the
book have had their say, if they choose to have it. Nor will an intel-
ligent reader suppose that Watson’s judgments upon the character,
motives, and probity of other people (sometimes apparently shrewd,
sometimes obviously petty) are “true” simply because he himself
believes them to be so.
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A good many people will read The Double Helix for the insight
they hope it will bring them into the nature of the creative process
in science. It may indeed become a standard case history of the so-
called “hypothetico-deductive” method at work. Hypothesis and
inference, feedback and modified hypothesis, the rapid alternation
of imaginative and critical episodes of thought—here it can all be
seen in motion, and every scientist will recognize the same intellec-
tual structure in the research he does himself. It is characteristic of
science at every level, and indeed of most exploratory or investiga-
tive processes in everyday life. No layman who reads this book with
any kind of understanding will ever again think of the scientist as a
man who cranks a machine of discovery. No beginner in science
will henceforward believe that discovery is bound to come his way if
only he practices a certain Method, goes through a certain well-de-
fined performance of hand and mind.

Nor, I hope, will anyone go on believing that The Scientist is
some definite kind of person. Given the context, one could not plau-
sibly imagine a collection of people more different in origin and
education, in manner, manners, appearance, style, and worldly pur-
poses than the men and women who are the characters in this book.
Watson himself and Crick and Wilkins, the central figures; Dorothy
Crowfoot and poor Rosalind Franklin, the only one of them not
now living; Perutz, Kendrew, and Huxley; Todd and Bragg, at that
time holder of “the most prestigious chair in science”; Pauling pére
et fils; Bawden and Pirie, in a mornentary appearance; Chargaff;
Luria; Mitchison and Griffith (John, not Fred)—they come out
larger than life, perhaps, and as different one from another as Cater-
pillar and Mad Hatter. Watson’s childlike vision makes them seem
like the creatures of a Wonderland, all at a strange contentious
noisy tea party which made room for him because for people like
him, at this particular kind of party, there is always room.

ANDRE LWOFF

Truth, Truth, What Is Truth (About How the
Structure of DNA was Discovered)? (1968)

“I have often thought,” writes George Beadle in Phage and the
Origins of Molecular Biology, “how much more interesting science
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would be if those who created it told how it really happened, rather
than report it logically and impersonally as they so often do in sci-
entific papers. This is not easy, because of normal modesty and reti-
cence, reluctance to tell the whole truth, and protective tendencies
towards others.” Beadle’s wish is now fulfilled. A talented worker
has told how it really happened and has enabled Beadle to judge
how good his idea really was.

During an examination the professor asked the candidate what he
knew about Les Mémoires d’Outre Tombe and received the follow-
ing answer: “Sir, Les M émoires d’Outre Tombe was written by Cha-
teaubriand after his death.” In a sense it is often thus; many mem-
oirs have come from “beyond the grave” in that they were published
—not necessarily written—after the author’s death. This allowed the
writer to express his impressions and judgments concerning his con-
temporaries without hurting them or their friends.

Nowadays everyone expects to get instant information about
almost everything: politics, war, economics and the physical mea-
surements of movie stars. Permanent intrusion into the privacy of
the individual has become the rule and for many provides the salt of
life. Prominent writers, philosophers and statesmen publish their
memoirs during their lifetime, as if they were eager to inform the
world about the events of their existence, to establish their impor-
tance and perhaps to have the pleasure of observing reactions. So
far scientists have mostly succeeded in avoiding the disease. One of
them has now unconsciously performed his own rape, or autopsy—
as you wish.

Here we are confronted with the work of a young scientist, not
long out of adolescence at the time of participating in a great dis-
covery. It is not a confession in the sense that the author has delib-
erately exposed his soul, but it nevertheless reveals a great deal
about him. The book is the history of a scientific endeavor, a true
detective story that leaves the reader breathless from beginning to
end. It describes ideas, life in the laboratory, intellectual and per-
sonal interactions and also the events of everyday life insofar as
they pertain to the “affair”: the structure of DNA. An interesting
combination of intellectual strength and of sensitivity, a student has
been transplanted from the Middle West into the most sophisticated
scientific environment.

Five characters are on stage. Four of them are almost always
present: Francis Crick and James Watson of the Cavendish Labora-
tory in Cambridge, and Rosalind Franklin and Maurice Wilkins of
King’s College in London. The fifth character, Linus Pauling, is
remote from the scene but is no less important: his very existence is
a threat that precipitates the action and resolves the plot. Here
James Watson will be Jim, as he has always been for me.



226 -+ André Lwoff

It is not by accident that Jim is involved in the discovery of the
structure of the genetic material. As a senior in college he desires to
learn what a gene is. As a graduate student at Indiana University he
hopes that the gene problem can be solved “without my learning any
chemistry.” Jim’s main interest has been birds, and he has carefully
avoided taking courses in physics or chemistry, which look difficult
and boring. Blessed idleness! (Jim’s personal career as a chemist had
been interrupted when he used a Bunsen burner to warm up some
benzene.) It seems that it is at Indiana that Salvador Luria, the pro-
fessor of microbiology, recognized Jim’s talent and in spite of (or
because of) his lack of chemical training sponsors him for a fellow-
ship abroad. So Jim goes to Copenhagen in order to work with
Herman Kalckar and to learn some biochemistry. Soon, with the
complicity of Kalckar, Jim “illegally” joins Ole Maalge’s group and
works happily with Maalge and with Gunther Stent.

When, during the spring of 1951, Jim decides to go to Naples, it
is with the vague excuse (for himself and not for the fellowship
board) that the sun will help him. Having received the board’s bless-
ing and check, Jim leaves for Italy, feeling slightly dishonest. Profit-
able dishonesty! In Naples, Jim meets Maurice Wilkins and learns
about the X-ray analysis of DNA. A decisive step. The way toward
the discovery is opened. Wilkins is somewhat reluctant. Jim dreams
of using his sister as bait, of making her marry Wilkins and then,
having acquired the right brother-in-law, of beginning a fruitful col-
laboration.

From the start in Naples until the denouement Jim is constantly
dreaming; he even writes ahead of time the first section of “the
paper.” Nevertheless, his feet remain firmly on the ground. Having
returned to Copenhagen, he quickly realizes that the Cavendish Lab-
oratory is “‘the place.” So Jim writes to Washington, explaining that
X-ray crystallography is the key to genetics and requesting permis-
sion to work in Cambridge. Feeling certain that the fellowship board
cannot but yield to the force of this argument, Jim goes to Cam-
bridge before receiving an answer. Alas, the fellowship board
decides that Jim is totally unprepared and unqualified to embark on
crystallographic work (it was, of course, perfectly true), and per-
mission is refused. Had it not been for the personal intercession of
Max Delbriick and Luria, Jim's guardian angels, the fellowship
would have been canceled. It is a tale to be meditated on by those
who rule over the fate of young scientists. Jim is probably the only
scientist who has made a great discovery while holding a fellowship.
This happened because he did not stick to the rules imposed on
him: because he abandoned Kalckar and went to work with
Maalge and Stent, because he visited Naples without good reason
and there met Wilkins, because he asked for permission to work
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with Roy Markham in order to be able to work in another labora-
tory, the Cavendish. For an administrator it was a dreadful succes-
sion of catastrophes, and yet one wonders whether the bitter fruits
of the lesson have ripened in the minds of members of fellowship
boards. Jim has set a bad example. It is now clear that if a board
wants to be sure not to prevent a discovery, fellows should be
allowed to do what they decide to do.

Fellowship or no, Jim migrates from Copenhagen to Cambridge
and starts working. At the Cavendish, where he is adopted by John
Kendrew, the great encounter takes place: Jim meets Francis Crick.
A collaboration begins and will not end until the fruit has been
plucked. The work does not always develop under favorable condi-
tions. First, there is some incompatibility between Sir Lawrence
Bragg and Crick. Sir Lawrence even decides at one point that Crick
and Watson have to give up the study of DNA! There is a succes-
sion of ups and downs. In the background there is the formidable
shadow of Pauling, far away in the West but nevertheless repre-
sented in Cambridge in the form of his son. Peter Pauling works in
the Cavendish, receives detailed letters from Pasadena and informs
his colleagues of the evolution of his father’s work, seemingly with-
out telling his father what Crick and Watson are up to. Freud would
have been interested in the situation.

Francis and Jim work with confidence. The confidence is based
on a few hypotheses. “Pauling’s [discovery of the o-helix] was a
product of common sense [and] his reliance on the simple laws of

structural chemistry. . . . The main working tools were a set of
molecular models. . . . We could thus see no reason why we should
not solve DNA in the same way. . . . Worrying about complications

before ruling out the possibility that the answer was simple would
have been damned foolishness.”

Jim has different moods. “I went ahead spending most evenings at
the films, vaguely dreaming that any moment the answer would sud-
dently hit me. . . . Even during good films I found it almost impos-
sible to forget the bases.” “Much of our success was due to the long
uneventful periods when we [F. C. and J. D. W.] walked among the
colleges or unobtrusively read the new books that came into Heffer’s
Bookstore.”

The work in Cambridge is interrupted by frequent journeys abroad,
particularly to Paris. A chapter of the book records Jim's impres-
sions of the 1952 phage meeting at the Abbaye at Royaumont. Here
I shall record a personal memory.

It is evening in the solemn drawing room of the Abbaye. In the
room is a 15th-century oak table, on which there is a bust of Henry
IV. A young American scientist, wearing shorts, has climbed on the
table and is squatting beside the king. An unforgettable vision!
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Trips are brief, however; the Cavendish is the scene of the battle,
and the war must be won. It is a matter of honor, for the Cavendish
itself, for Cambridge and for Britain. The Cavendish is at war with
Pauling, who is trying to solve the riddle of DNA, and hence also
with the California Institute of Technology and with the U.S. Paul-
ing has discovered the alpha helix of proteins. The structure of
DNA rmust be a British victory. If Maurice Wilkins and Rosalind
Franklin do not move ahead fast enough at King’s College, some-
body else should take over the task. '

At King’s the workers are deeply involved in the time-consuming
experimental work. Watson and Crick play with the data frqm
King’s. Here an extraordinary story is told. Francis Crick and Jim
have conceived a stereochemically reasonable configuration and no
longer fear that it would be incompatible with the experimental
data.

“By then it had been checked out with Rosy’s [Rosalind
Franklin’s] precise measurements. Rosy, of course, did not directly
give us her data. For that matter, no one at King’s realized they
were in our hands. We came upon them because of Max’s [Max
Perutz’] membership on a committee appointed by the Medical
Research Council to look into the research activities of [Sir John]
Randall’s lab. Since Randall wished to convince the outside commit-
tee that he had a productive research group, he had instructed his
people to draw up a comprehensive summary of their accomplish-
ments. In due time this was prepared in mimeograph form and sent
routinely to all the committee members. As soon as Max saw the
sections by Rosy and Maurice, he brought the report in to Francis
and me.”

It is a highly indirect “gift,” which might rather be considered a
breach of faith. Jim writes somewhere in his account that fair play
is typically British, and that such a thing does not exist in the U.S.
and in France. Perhaps. At the Cavendish fair play is clearly—at
least in Jim’s book——a matter of circumstances. The battle is raging;
it must be won, and quickly, Pauling must be beaten. Whoops! The
discovery is a matter of weeks or days. Hurry! The results gathered
by Wilkins and Rosalind Franklin are sucked out of King’s College.
Tallyho! What is good for Crick and Watson is good for the Caven-
dish. Honi soit qui mal y pense! Stockholm is emerging out of the
northern fogs.

The problem is not yet solved, but Crick and Watson are helped
by Jerry Donohue, who shares a desk in their office and plays a cru-
cial role by disclosing that the nucleic bases are not in the enol but
in the keto form. The X-ray pictures made by Rosalind Franklin
and Wilkins show that the DNA is a helix, not a simple helix but
probably a double or triple one, and that the phosphoric acid resi-
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dues are on the outside. Crick rules out the structure that implies a
pairing of like with like, for crystallographic reasons and also
because it gives no explanation of Erwin Chargaff’s rule:
adenine/thymine = guanine/cytosine = 1.

For a long time the idea of the formation of a complementary
structure from the original one had been, as Jim notes, “in the air.”
Chargaff’s rule could have led to a model of a DNA molecule made
of two complementary chains. In actuality this model is derived
from the attempt to load the dice in favor of the X-ray pictures. It is
only at the very end of the work that Chargaff’s rule provides an
essential key.

Jim cuts cardboard representations of bases. The like-with-like
structure leads nowhere. Then Jim starts playing with the bases, and
ultimately writes the most thrilling page of his book. “Suddenly I
became aware that an adenine-thymine pair held together by two
hydrogen bonds were identical in shape to a guanine-cytosine pair
held together by at least two hydrogen bonds. All the hydrogen
bonds seemed to form naturally; no fudging was required to make
the two types of base pairs identical in shape.”

DNA is two complementary chains, one being the template for
the other. It is a unique and hitherto unknown type of structure,
able to replicate by separation of the two complementary chains and
copying of each. It is a unique type of molecule able to divide into
two different, albeit complementary, molecules and to reproduce two
idential molecules. The laws of stereochemistry, the crystallographic
data and the chemical data are satisfied by the model, as are the
biological requirements for the genetic material.

The double helix is born. The scientific world is present at the
death and transfiguration of the problem and rejoices in the new
molecule. Although a few morose scientists regard the helix with
suspicion, most are rushing toward the open door. Molecular biol-
ogy glows with a new intensity.

Now the book has been closed. The scientist is satisfied, but the
layman is abashed. He wonders. Is this the mysterious universe of
science? Are these the perfect intellectual machines protected from
emotional disturbance? Is this the passion entirely oriented toward
one goal? Is this the mind devoid of concern about means?

In the work of an accomplished artist what is apparent is the
craft and the style, not the human personality. The discovery of the
structure of the genetic material is the subject of The Double Helix.
Yet Jim’s book is much more than its title. He has written with such
absolute sincerity and innocence, and recorded his impressions with
such candor, that he becomes transparent. Through the portraits of
“the others” the reader gets a glimpse of Jim’s and discovers a
Peculiar and interesting character.
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The picture of Francis Crick, the most important figure in the
story, is revealing. “I have never seen Francis Crick in a modest
mood.” “Already for thirty-five years he had not stopped talking
and almost nothing of fundamental value had emerged.” Jim has
picked out Crick’s oddities and weaknesses or failures of behavior,
and he writes them down candidly. A casual reader might think that
this is a sign of dislike. It is not. Jim recognizes all he owes to Fran-
cis, who has taught him the elements of crystallography and ‘“has
shaped his part in the discovery of the DNA structure.” Watson and
Crick work in perfect harmony; they have cordial personal relations
and Jim is often a guest at the Cricks’. Moreover, it is clear that Jim
admires Francis’ brilliant mind. In view of all this, Crick’s portrait
by Watson is somewhat astonishing. On reexamining the book one
finds that Jim’s cold objectivity is applied to persons he likes,
admires or respects as it is to crystals or base-pairing. Very few are
spared. May God protect us from such friends!

The reader may also have the feeling that something is missing
with regard to Jim’s other mentors. The most critical phase for a
young scientist is the start of his career. In Jim’s case a key role is
played at this point by Luria and by Delbriick. At the right time
they introduce Jim to the right people. Once known, Jim is
accepted. Those who knew Jim “before” never had the slightest
doubt concerning the future of this strange broomstick-shaped
fellow, inhabited by an intense flame. Luria and Delbriick are of
course mentioned in the book, but more or less incidentally, Luria
as “the professor of microbiology” and Delbriick as “the German-
born scientist.”

Jim behaves as a pure intellectual, an attitude that has its advan-
tages. One is protected from all sorts of dangers, and time and
energy are spared. Moreover, one’s pronouncements on one’s fellow
man can be completely lacking in restraint. As a consequence the
book is sprinkled with humorously ferocious remarks, such as:
“Moreover, there was his godlike quality of each year expanding in
size, perhaps eventually to fill the universe.” The reader should be
reassured: Joshua Lederberg stopped expanding a number of years
ago, and although he is far from being as slim as Jim, he looks per-
fectly normal.

Here is another example of Jim’s regard for people. Like many
Americans working in Britain, Jim suffered greatly from the lack of
adequate central heating. According to Jim in The Double Helix the
only warm building in Cambridge was the Molteno Institute, which
was well heated because of ‘“the asthma of David Keilin, then . . .
Director.” This passing comment, unkind, trivial and inaccurate, is
the only mention in the book of the man who founded cellular phy-
siology. In such a context the many who have admired, respected
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and loved David Keilin will be shocked. I am. (Incidentally, the
reason for the existence of adequate central heating in the Molteno
was the love of comfort of the late George F. Nuttall, the creator of
comparative immunology and a great parasitologist, who was born
in California. He laid down the plans of the Institute, and he never
displayed the slighest symptom of asthma. In any case, the absence
of central heating is one of the charms of British comfort.)

In the foreword to Jim’s book Sir Lawrence Bragg writes that
“those who figure in the book must read it in a very forgiving
spirit.” Jim appears to be ignorant of the fact that the naked truth
can be a deadly weapon, even to those who are dead and have no
way to forgive. He seems completely unaware of the injuries he
inflicts, completely unaware of the harm he can do his friends, to
the friends of his friends, to say nothing of those he dislikes. His
portrait of Rosalind Franklin is cruel. His remarks concerning the
way she dresses and her lack of charm are quite unacceptable. At
the very least the fact that all the work of Watson and Crick starts
with Rosalind Franklin’s X-ray pictures and that Jim has exploited
Rosalind’s results should have inclined him to indulgence.

Some remorse is shown in the appendix. Rosalind having died at
the age of 37, Jim notes: “Since my initial impressions of her, both
scientific and personal . . . were often wrong. . . .” If they were
wrong, why not eliminate them? Death is a high price to pay for
rehabilitation. It should be added that Jim’s attitude toward “Rosy,”
as he calls her, is far from being unequivocal. He fears this strong
personality and finds her unattractive but at the same time tries to
imagine how she would look if she were better dressed and had her
hair set differently.

Jim has received golden gifts: the aptitude to formulate attack
and solve important problems; the power of abstraction from the
outer world, the power to “dream” the problems. Intuition and logic
are seldom both present in one person at such high level. The brain
functions with remarkable efficiency. Moreover, Jim has risen above
his great discovery and continues to work with success. It would
appear that these brilliant gifts are not balanced by an equal devel-
opment of affectivity.

) Jim has described himself, at the age of 25, as being “an unfin-
ished member of the young generation.” This is, or was, probably
true. In the book he speaks of “the girls” as if he were a boy of 14.
Moreover, the way Jim treats those he respects, admires or likes
8ives the impression that his affectivity is undeveloped, although it is
Certainly not totally absent. Great kindness is expressed throughout
the book for his sister Elizabeth. She seems to have been the princi-
Pal object of her brother’s attachment and potentiality for affection.
Another appears to have been the mother of his friend Avrion Mitch-
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ison, Naomi, who received Jim at her house in Scotland during a
Christmas holiday and to whom the book is dedicated. Still, whether
from indifference or from bashfulness, little of Jim’s feelings show
through. All things considered, it seems as though Jim’s heart has
not been nurtured and touched long enough by a loving and beloved
person. Surely maturation is largely a matter of interaction.

Jim’s lack of affectivity is balanced, or unbalanced, by his highly
developed intuition and sensitivity to people—but not to things. This
last remark is based essentially on the absence of any reaction to
Italy in general and Paestum in particular. During an excursion to
Paestum, Jim notes that Wilkins invites his sister Elizabeth to lunch,
but there is not a word about anything else. This is astonishing;
neither the aerial lightness of the ruins of Segeste nor the perfect
harmony of the Parthenon are as deeply moving as the simple beauty
of Paestum’s temples. One wonders if it would have been different
if the columns had been helical.

Jim’s sensitivity applies only to some people. Narcissus takes plea-
sure in looking at his reflection in the shimmering water. Jim allows
himself to be sensitive only insofar as the person involved reflects
his own interests. The contact must be rewarding or the character is
neutral; the sensitivity is not triggered. It is an efficient defense
mechanism. Jim’s undeviating course is directed to the be-all and
end-all. A remark about a colleague caught in the midst of a gallant
conversation is characteristic: “It was all too clear that the presence
of popsies [Jim’s word for pretty young girls] does not inevitably
lead to a scientific future.”

We have to keep coming back to Jim’s sensitivity. When Jim is
interested in one specific person, he “feels” the human being and
perceives his most subtle vibrations with considerable acuity. This
acuity is in contrast with Jim’s lack of insight. His description of the
relations between Rosalind Franklin and himself on the one hand
and between Rosalind and Maurice Wilkins on the other is remarka-
ble, as is his description of the change in Maurice’s attitude toward
him as a consequence of Rosalind’s attack on him. The analysis is
worthy of a first-class novelist. Incidentally, the behavior of both
males when they face Rosalind is bewildering, but that is another
story.

The peculiarities of Jim’s friends are felt and described with art-
istry, indeed with such skill that their individuality emerges with
unusual intensity. Since he is inclined to dwell mostly on abnormali-
ties, a diagnosis can often be made. One of the victims is clearly a
hypochondriac.

Let us apply Jim’s methods to himself. His characteristics are
essentially cold logic, hypersensivitiy and lack of affectivity. A psy-
chiatrist might be inclined to think that he shows some immaturity
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and a slight tendency toward paranoia. The reader should not be
alarmed by the word. We all are paranoiacs, more or less, in one
form or another, deficient in this or that, and delusive too. How else
could it be? The fight in the laboratory is hard. Problems, grants,
competition, tension, strain, the discoveries of others, jealousy, the
prize, frustration. It may be that some scientists enjoy a normal life,
but even normality merges insensibly with pathology. Where is the
boundary? Mental balance is at best a precarious state.

Cold logic, hypersensitivity, lack of affectivity. The layman may
conclude that Jim is representative of scientists in general, and the
reputation of the scientific community will be harmed. In actuality,
of course, very few scientists could express themselves so ingen-
uously with such absolute candor and sincerity. But the very repres-
sion of primitive feelings and reactions is the beginning of affectiv-
ity. And where does affectivity lead? It leads to a loss of freedom.
Friendship is a millstone around the neck. Most people would not
write down everything that came into their head about a friend—
about, say, his private life. The opposite view is: What does it
matter? What is important is the fun and the success. To hell with
the victims! Good feelings are conducive to bad literature. Which
view is worse? If Jim were a different person, The Double Helix
would lack the spice of scandal.

The truth is that Jim is not as bad as he appears to be. He has not
worked for the sadistic pleasure of beating Pauling and Wilkins. He
has not worked, as the reader might be inclined to think, in order to
win the prize from the top of the greasy pole. His taste for scandal,
although revealing, is certainly not the main characteristic of this
dedicated scientist. His most profound motivation was, and still is,
his fascination with life and its secrets.

A few months ago the rumor spread in the gossipy scientific
world that Francis Crick would bring a suit for libel against Jim. As
a friend of mine has suggested, it is rather Jim himself who should
bring an action for libel against the author of The Double Helix.

James Watson, together with Francis Crick, is responsible for the
great discovery of biology. Jim is a clever and successful scientist.
The Double Helix is a fascinating book. For the first time all the
steps and circumstances of a major contribution to science are
described with precision and accuracy. Sensitivity, sincerity, frank-
ness and freshness are among the obvious qualities of the writer.
The style is colloquial and therefore direct. The stories have the
ingenuousness and charm of youth, and also its cruelty. Because Jim
is a talented writer as well as a talented scientist, he may be for-
given. He will certainly not be forgiven by everyone. Too much
damage has been done. Perhaps someday Jim will learn that all
Impressions, however witty they may seem, are not necessarily suita-
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ble for publication, that human beings are easily hurt and that the
wounds, particularly those to self-esteem, are painful and slow to
heal.

Creation, whether scientific, artistic or literary, is the order of the
day. Jim has put his seal on the double helix. There may be some
who are waiting for The Golden Helix, by Francis Crick, or perhaps
for The Other Side of the Story, by Maurice Wilkins. Yet it is clear
that The Double Helix has lost, together with its literary virginity,
most of its attractiveness as a model for a work of art.

In the Alps, while climbing a mountain, our hero once met a col-
league who said, “How is Honest Jim?” and went. Yes, how is
Honest Jim?

Original Papers



The discovery of the DNA double helix was presented in the six original
papers reprinted in this section. The first three papers all appeared in the
April 25, 1953 issue of Nature. The very first of these three is Watson
and Crick’s initial announcement of the discovery of the self-complemen-
tary double helix. The other two papers, one by M. H. F. Wilkins, A. R.
Stokes, and H. R. Wilson, and the other by Rosalind Franklin and R. G.
Gosling, provide supporting data for the Watson-Crick structure. In the
fourth paper, which appeared in the May 30, 1953 issue of Nature,
Watson and Crick spell out in detail just what it was that (as announced
in the closing line of their first article), had not escaped their notice
about a possibly copying mechanism of the genetic material. Here they
show how the DNA double helix embodies within it the capacity for its
own self-replication. The fifth paper is the text of the first general over-
view of his and Crick’s discovery, presented by Watson in June 1953 at
the invitation of Delbriick, at the Eighteenth Cold Spring Harbor Sym-
posium. The Watson-Crick structure of DNA dominated discussions at
that symposium, resulting in the formulation of the general outlines of
molecular biological research for the next decade. The sixth paper is
Crick and Watson’s presentation of the full structural details of their
DNA model, published one year later in the Proceedings of the Royal
Society of London.

J. D. WATSON and F. H. C. CRICK

A Structure for Deoxyribose Nucleic Acid
(April 25,1953) F

We wish to suggest a structure for the salt of deoxyribose nucleic
acid (D.N.A.). This structure has novel features which are of con-
siderable biological interest.

A structure for nucleic acid has already been proposed by Paul-
ing and Corey.! They kindly made their manuscript available to us
in advance of publication. Their model consists of three intertwined
chains, with the phosphates near the fibre axis, and the bases on the
outside. In our opinion, this structure is unsatisfactory for two rea-
sons: (1) We believe that the material which gives the X-ray dia-
grams is the salt, not the free acid. Without the acidic hydrogen
atoms it is not clear what forces would hold the structure together,
especially as the negatively charged phosphates near the axis will
repel each other. (2) Some of the van der Waals distances appear
to be too small.

Another three-chain structure has also been suggested by Fraser
(in the press). In his model the phosphates are on the outside and
the bases on the inside, linked together by hydrogen bonds. This

1 From Nature, April 25, 1953, pp. 737-738. numbered superscripts refer to references
In this selection and those that follow, following each selection.
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wo.aass April 25, 1953

MOLECULAR STRUCTURE OF
NUCLEIC ACIDS
A Structure for Deoxyribose Nucleic Acid

W‘E wish to suggest a strueture for the salt
of deoxyribose nueleic acid (D.N.A.). This
structure has novel features which are of considerable
biological interest.

A structure for nucleic acid has already been
proposed by Pauling anl Corey*. They kindly made
their manuscript available to us in advance of
publication. Their modet consists of three inter-
twined ehains, with the phosphates near the fibre
axis, and the bases on the outside. In our opinion,
this strueture is unsatisfactory for two reasons:
(1) We believe that the material which gives the
X -ray disgrams is the salt, not the free acid. Without
the acidic hydrogen atoms it is not elear what forces
would hold the structure together, especially as the
negatively charged phosphates near the axis will
repel each other. (2) Some of the van der Waals
distances appear to be too small.

Another threcchain structure has also been sug-
gested by Fraser (in the press). In his model the
phosphates ar on the outside and tho bases on the
inside, linked together by hydrogen bonds. This
structure as described is rather ill-defined, and for

this reason we shall not t
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is a residue on each chain every 3-4 A. in the z-direc-
tion. We have assumed an angle of 36° between
adjacent residues in the same chain, so that the
strueture repeats after 10 residues on each chain, that
is, after 34 A. The distance of a phosphorus stom
from the fibre axis is 10 A. As the phosphates are on
the outside, cations have easy access to them.

The structure is an open one, and its water content
is rather high. At lower water eontents we would
expect the bases to tilt so that the structure could
become moro eompact.

Tho novel feature of the strueture is the manner
in which the two chains are held together by the
purine and pyrimidine bases. The planes of the bases
are perpendicular to the fibre axis. They are joined
together in pairs, a single base from one chain beng
hydrogon-bonded to a single base from the other
chain, so that the two lie side by side with identical
z-co-ordinates. One of the pair must be a purine and
the other a pyrimidine for bonding to occur. The
hiydrogen bonds are made as follows : purine position
1 to pyrimidine position 1; purine position 6 to
pyrimidine position 6.

If it is assumed that the bases only occur in the
structure in the most plausible tautomeric forms
(that is, with the keto rather than the enol con-
figurations) it is found that only specific pairs of
basos can bond together. These pairs are : adenine
(purine) with thymine (pyrimidine), and guanine
(purine) with cytosine {pyrimidine).

In other words, if an adenin= fuorms vne member of
a pair, on either chain, then on these assumptions
the other member must be thymine ; similarly for
guanine and cytosine. The sequence of bases on a
single ehain does nat appear to be restrieted in any
way. However, if only specific pairs of bases can be
formed, it follows that if the sequence of bases on
one chain is given, then the sequence on the other
chain is automatically determined.

It has boen found experimentally** that the ratio

on it,

We wish 1o put forward a
radically different structure for
the salt of deoxyribose nucleic
acid. This structure has two
helical chains each eoiled round
the rame axis (see diagram), We
have made the usual chemical
assumptions, namely, that each
chain consists of phosphate di-
ester groups joining §-p-deoxy-
ribofuranose residues with 3’,5’
linkages. The two ohains (but
not their bases) are related by a
dyad perpendicular to the fibre
axis. Both chains follow right-
haruled hclices, but owing to
the dyad the sequences of the
atoms in the two chains run
in opposite directions. Each
chain loosely resembles Fur-
berg's* model No. }; that is,
the bases are en the inside of
the helix and the phosphates on
the outside. The eonfiguration
af the sugar and the atoms
near it is close to Furberg's
‘standard eonfiguration’, the
sugar being roughly perpendi-
cular to the attached base. There

of the of ad to thymine, and the ratio
of guanine to eytosine, are always very close to unity
for deoxyribose nucleic acid.

It is probably impossible to buikl this structure
with a ribose sugar in place of tho deoxyribose, as
the extra oxygen atom would make ton elose a van
der Waals contact.

The previously published X-ray data®* on denxy-
riboso nucleic acid are insufficient far a rigorous test
of our structure. So far as we can tell, it is roughly
compatible with the experimental data, but it must
be regarded as unproved until it has been checked
against more oxact results. Some of these are given
in the following eommunications. We were not aware
of the details of the results presented there when we
devised our strueture, which rests mainly though not
entirely on published experimental data and stereo-
chemical arguments.

It has not escaped our notice that the specific
pairing we have postulated immediately suggests a
possible copying ism for the genstic material.

Full details of the structure, including the con-
ditions assumed in building it, together with a set
of co-ordinates for the atoms, will be published
elsewhere.

We are much indebted to Dr. Jerry Donohue for
constant advice and criticism, especially on inter-
atomic distances. We have also been stimulated by
& knowledge of the general nature nf the i
experimental results and ideas of Dr. M. H. ¥.
Wilkins, Dr. R. E. Franklin and their kers st

The first page of the historic paper by Watson and Crick as it appeared
in Nature, April 25, 1953.
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structure as described is rather ill-defined, and for this reason we
shall not comment on it.

We wish to put forward a radically different structure for the salt
of deoxyribose nucleic acid. This structure has two helical chains
each coiled round the same axis (see diagram). We have made the
usual chemical assumptions, namely, that each chain consists of
phosphate di-ester groups joining [-p-deoxyribofuranose residues
with 3’,5’ linkages. The two chains (but not their bases) are
related by a dyad perpendicular to the fibre axis. Both chains follow
right-handed helices, but owing to the dyad the sequences of the
atoms in the two chains run in opposite directions. Each chain
loosely resembles Furberg’s? model No. 1; that is, the bases are on
the inside of the helix and the phosphates on the outside. The con-
figuration of the sugar and the atoms near it is close to Furberg’s
‘standard configuration’, the sugar being roughly perpendicular to
the attached base. There is a residue on each chain every 3+4 A, in
the z-direction. We have assumed an angle of 36° between adjacent
residues in the same chain, so that the structure repeats after 10 res-
idues on each chain, that is, after 34 A. The distance of a phos-

This figure is purely
diagrammatic. The two
ribbons symbolize the
two phosphate—sugar
chains, and the hori-
zontal rods the pairs of
bases holding the chains
together. The vertical
llne marks the fibre axis
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phorus atom from the fibre axis is 10 A. As the phosphates are on
the outside, cations have easy access to them.

The structure is an open one, and its water content is rather high.
At lower water contents we would expect the bases to tilt so that the
structure could become more compact.

The novel feature of the structure is the manner in which the two
chains are held together by the purine and pyrimidine bases. The
planes of the bases are perpendicular to the fibre axis. They are
joined together in pairs, a single base from one chain being hydro-
gen-bonded to a single base from the other chain, so that the two lie
side by side with identical z-co-ordinates. One of the pair must be a
purine and the other a pyrimidine for bonding to occur. The hydro-
gen bonds are made as follows: purine position I to pyrimidine
position 1; purine position 6 to pyrimidine position 6.

If it is assumed that the bases only occur in the structure in the
most plausible tautomeric forms (that is, with the keto rather than
the enol configurations) it is found that only specific pairs of bases
can bond together. These pairs are: adenine (purine) with thymine
(pyrimidine), and guanine (purine) with cytosine (pyrimidine).

In other words, if an adenine forms one member of a pair, on
either chain, then on these assumptions the other member must be
thymine; similarly for guanine and cytosine. The sequence of bases
on a single chain does not appear to be restricted in any way. How-
ever, if only specific pairs of bases can be formed, it follows that if
the sequence of bases on one chain is given, then the sequence on
the other chain is automatically determined.

It has been found experimentally®:¢ that the ratio of the amounts
of adenine to thymine, and the ratio of guanine to cytosine, are
always very close to unity for deoxyribose nucleic acid.

It is probably impossible to build this structure with a ribose
sugar in place of the deoxyribose, as the extra oxygen atom would
make too close a van der Waals contact.

The previously published X-ray data®® on deoxyribose nucleic
acid are insufficient for a rigorous test of our structure. So far as we
can tell, it is roughly compatible with the experimental data, but it
must be regarded as unproved until it has been checked against
more exact results. Some of these are given in the following commu-
nications. We were not aware of the details of the results presented
there when we devised our structure, which rests mainly though not
entirely on published experimental data and stereochemical argu-
ments.

It has not escaped our notice that the specific pairing we have
postulated immediately suggests a possible copying mechanism for
the genetic material.

Full details of the structure, including the conditions assumed in
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building it, together with a set of co-ordinates for the atoms, will be
published elsewhere.

We are much indebted to Dr. Jerry Donohue for constant advice
and criticism, especially on interatomic distances. We have also been
stimulated by a knowledge of the general nature of the unpublished
experimental results and ideas of Dr. M. H. F. Wilkins, Dr. R. E.
Franklin and their co-workers at King’s College, London. One of us
(J. D. W.) has been aided by a fellowship from the National Foun-
dation for Infantile Paralysis.

Medical Research Council Unit for the
Study of the Molecular Structure of
Biological Systems.

Cavendish Laboratory, Cambridge

April 2
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J. D. WATSON and F. H. C. CRICK

Genetical Implications of the Structure of
Deoxyribonucleic Acid (May 30, 1953)+

The importance of deoxyribonucleic acid (DNA) within living
cells is undisputed. It is found in all dividing cells, largely if not
entirely in the nucleus, where it is an essential constituent of the
chromosomes. Many lines of evidence indicate that it is the carrier
of a part of (if not all) the genetic specificity of the chromosomes
and thus of the gene itself. Until now, however, no evidence has
been presented to show how it might carry out the essential opera-
tion required of a genetic material, that of exact self-duplication.

We have recently proposed a structure! for the salt of deoxyri-
bonucleic acid which, if correct, immediately suggests a mechanism
for its self-duplication. X-ray evidence obtained by the workers at
King’s College, London? and presented at the same time, gives qual-
Itative support to our structure and is incompatible with all pre-

t From Nature, May 30, 1953, pp. 964-967.
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viously proposed structures.” Though the structure will not be com-
pletely proved until a more extensive comparison has been made
with the X-ray data, we now feel sufficient confidence in its general
correctness to discuss its genetical implications. In doing so we are
assuming that fibres of the salt of deoxyribonucleic acid are not
artefacts arising in the method of preparation, since it has been
shown by Wilkins and his co-workers that similar X-ray patterns are
obtained from both the isolated fibres and certain intact biological
materials such as sperm head and bacteriophage particles.2*

The chemical formula of deoxyribonucleic acid is now well estab-
lished. The molecule is a very long chain, the backbone of which
consists of a regular alternation of sugar and phosphate groups, as
shown in Fig. 1. To each sugar is attached a nitrogenous base,
which can be of four different types. (We have considered 5-methyl
cytosine to be equivalent to cytosine, since either can fit equally well
into our structure.) Two of the possible bases—adenine and guanine
—are purines, and the other two—thymine and cytosine—are pyr-
imidines. So far as is known, the sequence of bases along the chain
is irregular. The monomer unit, consisting of phosphate, sugar and
base, is known as a nucleotide.
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The first feature of our structure which is of biological interest is
that it consists not of one chain, but of two. These two chains are
both coiled around a common fibre axis, as is shown diagrammati-
cally in Fig. 2. It has often been assumed that since there was only
one chain in the chemical formula there would only be one in the
structural unit. However, the density, taken with the X-ray
evidence,” suggests very strongly that there are two.

The other biologically important feature is the manner in which
the two chains are held together. This is done by hydrogen bonds
between the bases, as shown schematically in Fig. 3. The bases are
joined together in pairs, a single base from one chain being hydro-
gen-bonded to a single base from the other. The important point is
that only certain pairs of bases will fit into the structure. One
member of a pair must be a purine and the other a pyrimidine in
order to bridge between the two chains. If a pair consisted of two
purines, for example, there would not be room for it.

AN /s
/ SUGAR—BASE -ec--onan... BASE-—-SUGAR\
PHOSPHATE- PHOSPHATE
N /
SUGAR—BASE =« ... -..... BASE — SUCAR
PHOSPHATE PHOSPHATE
AN 7/
/SUCAR—BAS( = ewemwasaaw BASE—SUCAR
PHOSPHATE PHOSPHAT £
AN /
/ SUGAR—BASE .. ......... BASE ~—SUGAR
PHOSPHH(\ /PHOSPHATE
SUGAR—BASE -~ == - ~«-u. BASE-—SUGAR
PHOSPHATE PHO SPHATE

~

Fig. 3. Chemical form:la of a pair of deoxyribonucleic acid
chains. The hydrogen bonding is symbolized by dotted lines

We believe that the bases will be present almost entirely in their
most probable tautomeric forms. If this is true, the conditions for
forming hydrogen bonds are more restrictive, and the only pairs of
bases possible are:

adenine with thymine;
guanine with cytosine.

The way in which these are joined together is shown in Figs. 4 and
5. A given pair can be either way round. Adenine, for example, can
occur on either chain; but when it does, its partner on the other
chain must always be thymine.
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ADENINE THYMINE

(TR N T

I’ig. 4. Pairing of adenine and thymine. Hydrogen bonds arc
shown dotted. One carbon atom of each sugar is shown

GUANINE CYTOSINE

Tig. 5. TPairing of guanine and cytosine. Hydrogen bonds arc
shown dotted. One carbon atomn of each sugar is shown

This pairing is strongly supported by the recent analytical
results, which show that for all sources of deoxyribonucleic acid
examined the amount of adenine is close to the amount of thymine,
and the amount of guanine close to the amount of cytosine,
although the cross-ratio (the ratio of adenine to guanine) can vary
from one source to another. Indeed, if the sequence of bases on one
chain is irregular, it is difficult to explain these analytical results
except by the sort of pairing we have suggested.

The phosphate-sugar backbone of our model is completely regu-
lar, but any sequence of the pairs of bases can fit into the structure.
It follows that in a long molecule many different permutations are
possible, and it therefore seems likely that the precise sequence of
the bases is the code which carries the genetical information. If the
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actual order of the bases on one of the pair of chains were given,
one could write down the exact order of the bases on the other one,
because of the specific pairing. Thus one chain is, as it were, the
complement of the other, and it is this feature which suggests how
the deoxyribonucleic acid molecule might duplicate itself.

Previous discussions of self-duplication have usually involved the
concept of a template, or mould. Either the template was supposed
to copy itself directly or it was to produce a ‘negative’, which in its
turn was to act as a template and produce the original ‘positive’
once again. In no case has it been explained in detail how it would
do this in terms of atoms and molecules.

Now our model for deoxyribonucleic acid is, in effect, a pair of
templates, each of which is complementary to the other. We imagine
that prior to duplication the hydrogen bonds are broken, and the
two chains unwind and separate. Each chain then acts as a template
for the formation on to itself of a new companion chain, so that
eventually we shall have two pairs of chains, where we only had one
before. Moreover, the sequence of the pairs of bases will have been
duplicated exactly.

A study of our model suggests that this duplication could be done
most simply if the single chain (or the relevant portion of it) takes
up the helical configuration. We imagine that at this stage in the life
of the cell, free nucleotides, strictly polynucleotide precursors, are
available in quantity. From time to time the base of a free nucleo-
tide will join up by hydrogen bonds to one of the bases on the
chain already formed. We now postulate that the polymerization of
these monomers to form a new chain is only possible if the resulting
chain can form the proposed structure. This is plausible, because
steric reasons would not allow nucleotides ‘crystallized’ on to the
first chain to approach one another in such a way that they could be
joined together into a new chain, unless they were those nucleotides
which were necessary to form our structure. Whether a special
enzyme is required to carry out the polymerization, or whether the
single helical chain already formed acts effectively as an enzyme,
remains to be seen.

Since the two chains in our model are intertwined, it is essential
for them to untwist if they are to separate. As they make one com-
plete turn around each other in 34 A., there will be about 150 turns
per million molecular weight, so that whatever the precise structure
of the chromosome a considerable amount of uncoiling would be
necessary. It is well known from microscopic observation that much
coiling and uncoiling occurs during mitosis, and though this is on a
much larger scale it probably reflects similar processes on a molec-
ular level. Although it is difficult at the moment to see how these
Processes occur without everything getting tangled, we do not feel
that this objection will be insuperable.
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Our structure, as described,! is an open one. There is room
between the pair of polynucleotide chains (see Fig. 2) for a poly-
peptide chain to wind around the same helical axis. It may be signif-
icant that the distance between adjacent phosphorus atoms, 7°1 A.,
is close to the repeat of a fully extended polypeptide chain. We
think it probable that in the sperm head, and in artificial nucleopro-
teins, the polypeptide chain occupies this position. The relative
weakness of the second layer-line in the published X-ray
pictures3®-4 is crudely compatible with such an idea. The function
of the protein might well be to control the coiling and uncoiling, to
assist in holding a single polynucleotide chain in a helical configura-
tion, or some other non-specific function.

Our model suggests possible explanations for a number of other
phenomena. For example, spontaneous mutation may be due to a
base occasionally occurring in one of its less likely tautomeric
forms. Again, the pairing between homologous chromosomes at
meiosis may depend on pairing between specific bases. We shall dis-
cuss these ideas in detail elsewhere.

For the moment, the general scheme we have proposed for the
reproduction of deoxyribonucleic acid must be regarded as specula-
tive. Even if it is correct, it is clear from what we have said that
much remains to be discovered before the picture of genetic duplica-
tion can be described in detail. What are the polynucleotide precur-
sors? What makes the pair of chains unwind and separate? What is
the precise role of the protein? Is the chromosome one long pair of
deoxyribonucleic acid chains, or does it consist of patches of the
acid joined together by protein?

Despite these uncertainties we feel that our proposed structure for
deoxyribonucleic acid may help to solve one of the fundamental
biological problems—the molecular basis of the template needed for
genetic replication. The hypothesis we are suggesting is that the tem-
plate is the pattern of bases formed by one chain of the deoxyribo-
nucleic acid and that the gene contains a complementary pair of
such templates.

One of us (J. D. W.) has been aided by a fellowship from the
National Foundation for Infantile Paralysis (U.S.A.).

Medical Research Council Unit for the
Study of the Molecular Structure of
Biological Systems

Cavendish Laboratory, Cambridge
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M. H. F. WILKINS, A. R. STOKES,
and H. R. WILSON

Molecular Structure of Deoxypentose
Nucleic Acids (April 25, 1953) T

While the biological properties of deoxypentose nucleic acid sug-
gest a molecular structure containing great complexity, X-ray dif-
fraction studies described here (cf. Astbury!) show the basic molec-
ular configuration has great simplicity. The purpose of this commu-
nication is to describe, in a preliminary way, some of the experimen-
tal evidence for the polynucleotide chain configuration being helical,
and existing in this form when in the natural state. A fuller account
of the work will be published shortly.

The structure of deoxypentose nucleic acid is the same in all spec-
ies (although the nitrogen base ratios alter considerably) in nucleo-
| Rrotein, extracted or in cells, and in purified nucleate. The same
! linear group of polynucleotide chains may pack together parallel in
different ways to give crystalline,’3 semi-crystalline or para-
crystalline material. In all cases the X-ray diffraction photograph
consists of two regions, one determined largely by the regular
spacing of nucleotides along the chain, and the other by the longer
spacings of the chain configuration. The sequence of different nitro-
gen bases along the chain is not made visible.

Oriented paracrystalline deoxypentose nucleic acid (‘structure B’
in the following communication by Franklin and Gosling) gives a
fibre diagram as shown in Fig. 1 (cf. ref. 4). Astbury suggested that
the strong 3°4-A. reflexion corresponded to the internucleotide
repeat along the fibre axis. The ~ 34 A. layer lines, however, are
not due to a repeat of a polynucleotide composition, but to the
chain configuration repeat, which causes strong diffraction as the
nucleotide chains have higher density than the interstitial water. The
absence of reflexions on or near the meridian immediately suggests a
helical structure with axis parallel to fibre length.

+ From Nature, April 25, 1953, pp. 738-740.

&
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Diffraction by Helices

It may be shown® (also Stokes, unpublished) that the intensity
distribution in the diffraction pattern of a series of points equally
spaced along a helix is given by the squares of Bessel functions. A
uniform continuous helix gives a series of layer lines of spacing
corresponding to the helix pitch, the intensity distribution along the
nth layer line being proportional to the square of J,, the nth order
Bessel function. A straight line may be drawn approximately
through the innermost maxima of each Bessel function and the
origin. The angle this line makes with the equator is roughly equal
to the angle between an element of the helix and the helix axis. If
a unit repeats n times along the helix there will be a meridional
reflexion (J,2) on the nth layer line. The helical configuration pro-
duces side-bands on this fundamental frequency, the effects being to
reproduce the intensity distribution about the origin around the new
origin, on the nth layer line, corresponding to C in Fig. 2.

We will now briefly analyse in physical terms some of the effects
of the shape and size of the repeat unit or nucleotide on the diffrac-
tion pattern. First, if the nucleotide consists of a unit having circular
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symmetry about an axis parallel to the helix axis, the whole diffrac-
tion pattern is modified by the form factor of the nucleotide.
Second, if the nucleotide consists of a series of points on a radius at
right-angles to the helix axis, the phases of radiation scattered by the
helices of different diameter passing through each point are the
same. Summation of the corresponding Bessel functions gives rein-
forcement for the innermost maxima and, in general, owing to phase
difference, cancellation of all other maxima. Such a system of hel-
ices (corresponding to a spiral staircase with the core removed) dif-
fracts mainly over a limited angular range, behaving, in fact, like a
periodic arrangement of flat plates inclined at a fixed angle to the
axis. Third, if the nucleotide is extended as an arc of a circle in a
plane at right-angles to the helix axis, and with centre at the axis,
the intensity of the system of Bessel function layer-line streaks ema-
nating from the origin is modified owing to the phase differences of
radiation from the helices drawn through each point on the nucleo-
tide. The form factor is that of the series of points in which the hel-
ices intersect a plane drawn through the helix axis. This part of the
diffraction pattern is then repeated as a whole with origin at C (Fig.
2). Hence this aspect of nucleotide shape affects the central and per-
ipheral regions of each layer line differently.

g c N\

- /\
\ A A ’
N Al A

NN 8 -

0

Fig. 2. Diffraction pattern of system of helices corresponding to
structure of deoxypentose nucleic acid. The squares of Bessel
functions are plotted about 0 on the equator and on the first,
second, third and fifth layer lines for half of the nucleotide mass
at 20 A. diameter and remainder distributed along a radius, the
mase at a given radius being proportional to the radius. About
C on the tenth layer iine similar functions are plotted for an outer
diameter cf 12 A.
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Interpretation of the X-Ray Photograph

It must first be decided whether the structure consists of essen-
tially one helix giving an intensity distribution along the layer lines
corresponding to Jy, Jo, J3 . . ., or two similar co-axial helices of
twice the above size and relatively displaced along the axis a dis-
tance equal to half the pitch giving J,, J4, Jg . . ., or three helices,
etc. Examination of the width of the layer-line streaks suggests the
intensities correspond more closely to J,2, J,2, J32 than to J,2, J,2,
Js2. . . . Hence the dominant helix has a pitch of ~ 34 A,
and, from the angle of the helix, its diameter is found to be~
20 A. The strong equatorial reflexion at ~ 17 A. suggests that the
helices have a maximum diameter of ~ 20 A. and are hexagonally
packed with little interpenetration. Apart from the width of the
Bessel function streaks, the possibility of the helices having twice the
above dimensions is also made unlikely by the absence of an equa-
torial reflexion at ~ 34 A. To obtain a reasonable number of
nucleotides per unit volume in the fibre, two or three intertwined
coaxial helices are required, there being ten nucleotides on one turn
of each helix.

The absence of reflexions on or near the meridian (an empty
region AAA on Fig. 2) is a direct consequence of the helical struc-
ture. On the photograph there is also a relatively empty region on
and near the equator, corresponding to region BBB on Fig. 2. As
discussed above, this absence of secondary Bessel function maxima
can be produced by a radial distribution of the nucleotide shape. To
make the layer-line streaks sufficiently narrow, it is necessary to
place a large fraction of the nucleotide mass at ~ 20 A. diameter.
In Fig. 2 the squares of Bessel functions are plotted for half the
mass at 20 A. diameter, and the rest distributed along a radius, the
mass at a given radius being proportional to the radius.

On the zero layer line there appears to be a marked J,2, and on
the first, second and third layer lines, Jg2 + Jq;2, Jg2 + Ji02, etc.,
respectively. This means that, in projection on a plane at right-
angles to the fibre axis, the outer part of the nucleotide is rela-
tively concentrated, giving rise to high-density regions spaced c. 6 A.
apart around the circumference of a circle of 20 A. diameter. On
the fifth layer line two J; functions overlap and produce a strong
reflexion. On the sixth, seventh and eighth layer lines the maxima
correspond to a helix of diameter ~ 12 A. Apparently it is only the
central region of the helix structure which is well divided by the
3°4-A. spacing, the outer parts of the nucleotide overlapping to
form a continuous helix. This suggests the presence of nitrogen
bases arranged like a pile of pennies! in the central regions of the
helical system.
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There is a marked absence of reflexions on layer lines beyond the
tenth. Disorientation in the specimen will cause more extension
along the layer lines of the Bessel function streaks on the eleventh,
twelfth and thirteenth layer lines than on the ninth, eighth and sev-
enth. For this reason the reflexions on the higher-order layer lines
will be less readily visible. The form factor of the nucleotide is also
probably causing diminution of intensity in this region. Tiltiing of
the nitrogen bases could have such an effect.

Reflexions on the equator are rather inadequate for determination
of the radial distribution of density in the helical system. There are,
however, indications that a high-density shell, as suggested above,
occurs at diameter ~ 20 A.

The material is apparently not completely paracrystalline, as
sharp spots appear in the central region of the second layer line,
indicating a partial degree of order of the helical units relative to
one another in the direction of the helix axis. Photographs similar to
Fig. 1 have been obtained from sodium nucleate from calf and pig
thymus, wheat germ, herring sperm, human tissue and T, bacterio-
phage. The most marked correspondence with Fig, 2 is shown by
the exceptional photograph obtained by our colleagues, R. E. Frank-
lin and R. G. Gosling, from calf thymus deoxypentose nucleate (see
following communication).

It must be stressed that some of the above discussion is not with-
out ambiguity, but in general there appears to be reasonable agree-
ment between the experimental data and the kind of model
described by Watson and Crick (see also preceding communica-
tion).

It is interesting to note that if there are ten phosphate groups
arranged on each helix of diameter 20 A, and pitch 34 A., the phos-
phate ester backbone chain is in an almost fully extended state.
Hence, when sodium nucleate fibres are stretched,? the helix is evi-
dently extended in length like a spiral spring in tension.

Structure in Vivo

The biological significance of a two-chain nucleic acid unit has
been noted (see preceding communication). The evidence that the
helical structure discussed above does, in fact, exist in intact biologi-
cal systems is briefly as follows:

Sperm heads. It may be shown that the intensity of the X-ray
spectra from crystalline sperm heads is determined by the helical
form-function in Fig. 2. Centrifuged trout semen give the same pat-
tern as the dried and rehydrated or washed sperm heads used
previously.® The sperm head fibre diagram is also given by extracted
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or synthetic! nucleoprotamine or extracted calf thymus nucleohis-
tone.

Bacteriophage. Centrifuged wet pellets of T, phage photographed
with X-rays while sealed in a cell with mica windows give a diffrac-
tion pattern containing the main features of paracrystalline sodium
nucleate as distinct from that of crystalline nucleoprotein. This con-
firms current ideas of phage structure.

Transforming principle (in collaboration with H. Ephrussi-Tay-
lor). Active deoxypentose nucleate allowed to dry at ~ 60 per
cent humidity has the same crystalline structure as certain samples®
of sodium thymonucleate.

We wish to thank Prof. J. T. Randall for encouragement; Profs.
E. Chargaff, R. Singer, J. A. V. Butler and Drs. J. D. Watson, J. D.
Smith, L. Hamilton, J. C. White and G. R. Wyatt for supplying
material without which this work would have been impossible; also
Drs. J. D. Watson and Mr. F. H. C. Crick for stimulation, and our
colleages R. E. Franklin, R. G. Gosling, G. L. Brown and W. E.
Seeds for discussion. One of us (H. R. W.) wishes to acknowledge
the award of a University of Wales Fellowship.
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ROSALIND E. FRANKLIN
and R. G. GOSLING

Molecular Configuration in Sodium
Thymonucleate (April 25, 1953) 1

Sodium thymonucleate fibres give two distinct types of X-ray dia-
gram. The first corresponds to a crystalline form, structure 4,

+ From Nature, April 25, 1953, pp. 740-741.
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obtained at about 75 per cent relative humidity; a study of this is
described in detail elsewhere.! At higher humidities a different
structure, structure B, showing a lower degree of order, appears and
persists over a wide range of ambient humidity. The change from 4
to B is reversible. The water content of structure B fibres which
undergo this reversible change may vary from 40 to 50 per cent to
several hundred per cent of the dry weight. Moreover, some fibres
never show structure A, and in these structure B can be obtained
with an even lower water content.

The X-ray diagram of structure B (see photograph) shows in
striking manner the features characteristic of helical structures, first
worked out in this laboratory by Stokes (unpublished) and by
Crick, Cochran and Vand.? Stokes and Wilkins were the first to
propose such structures for nucleic acid as a result of direct studies
of nucleic acid fibres, although a helical structure had been pre-
viously suggested by Furberg (thesis, London, 1949) on the basis of
X-ray studies of nucleosides and nucleotides.

While the X-ray evidence cannot, at present, be taken as direct
proof that the structure is helical, other considerations discussed
below make the existence of a helical structure highly probable.

Structure B is derived from the crystalline structure 4 when the
sodium thymonucleate fibres take up quantities of water in excess of

Sadinm deavyribose nucleate from ealf thvmus, Structure B
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about 40 per cent of their weight. The change is accompanied by an
increase of about 30 per cent in the length of the fibre, and by a
substantial re-arrangement of the molecule. It therefore seems rea-
sonable to suppose that in structure B the structural units of so§1um
thymonucleate (molecules on groups of molecules) are relatlv.ely
free from the influence of neighbouring molecules, each unit being
shielded by a sheath of water. Each unit is then free to take up i.ts
least-energy configuration independently of its neighbours and, in
view of the nature of the long-chain molecules involved, it is highly
likely that the general form will be helical.? If we adopt the hypoth-
esis of a helical structure, it is immediately possible, from the X-ray
diagram of structure B, to make certain deductions as to the nature
and dimensions of the helix.

The innermost maxima on the first, second, third and fifth layer
lines lie approximately on straight lines radiating from the origin.
For a smooth single-strand helix the structure factor on the nth
layer line is given by:

F,=1J,(2xrR) expin (¥ 4 Y2x),

where J,(u) is the nth-order Bessel function of u, r is the radius 9f
the helix, and R and ¥ are the radial and azimuthal co-ordinates in
reciprocal space?; this expression leads to an approximately .linear
array of intensity maxima of the type observed, corresponding to
the first maxima in the functions J4, Jo, J3, etc.

If, instead of a smooth helix, we consider a series of residues
equally spaced along the helix, the transform in the' general case
treated by Crick, Cochran and Vand is more complicated. But if
there is a whole number, m, of residues per turn, the form of the
transform is as for a smooth helix with the addition, only, of the
same pattern repeated with its origin at heights mc*, 2mc™ . . . etc.
(c is the fibre-axis period).

In the present case the fibre-axis period is 34 A: and the very
strong reflexion at 3'4 A. lies on the tenth layer line. Moreover,
lines of maxima radiating from the 3-4-A. reflexion as from the
origin are visible on the fifth and lower layer lines, having a J; max-
imum coincident with that of the origin series on the fifth layer line.
(The strong outer streaks which apparently radiate from.the 3°4-A.
maximum are not, however, so easily explained.) This suggests
strongly that there are exactly 10 residues per turn of the helix. If
this is so, then from a measurement of R, the position of the ﬁ%'st
maximum on the nth layer line (for n = 5), the radius of the helix,
can be obtained. In the present instance, measurements of Ry, Ry,
R4 and R; all lead to values of r of about 10A.

Since this linear array of maxima is one of the strongest features
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of the X-ray diagram, we must conclude that a crystallographically
important part of the molecule lies on a helix of this diameter. This
can only be the phosphate groups or phosphorus atoms.

If ten phosphorus atoms lie on one turn of a helix of radius 10
A., the distance between neighbouring phosphorus atoms in a mole-
cule is 7°1 A. This corresponds to the P . . . P distance in a fully
extended molecule, and therefore provides a further indication that
the phosphates lie on the outside of the structural unit.

Thus, our conclusions differ from those of Pauling and Corey,*
who proposed for the nucleic acids a helical structure in which the
phosphate groups form a dense core.

We must now consider briefly the equatorial reflexions. For a
single helix the series of equatorial maxima should correspond to the
maxima in Jy(27rR). The maxima on our photograph do not, how-
ever, fit this function for the value of » deduced above. There is a
very strong reflexion at about 24 A. and then only a faint sharp
reflexion at 9-0 A. and two diffuse bands around 5°5 A. and 4'0 A.
This lack of agreement is, however, to be expected, for we know
that the helix so far considered can only be the most important
member of a series of coaxial helices of different radii; the non-
phosphate parts of the molecule will lie on inner co-axial helices,
and it can be shown that, whereas these will not appreciably influ-
ence the innermost maxima on the layer lines, they may have the
effect of destroying or shifting both the equatorial maxima and the
outer maxima on other layer lines.

Thus, if the structure is helical, we find that the phosphate groups
or phosphorus atoms lie on a helix of diamater about 20 A., and the
sugar and base groups must accordingly be turned inwards towards
the helical axis.

Considerations of density show, however, that a cylindrical repeat
unit of height 34 A. and diameter 20 A. must contain many more
than ten mucleotides.

Since structure B often exists in fibres with low water content, it
seems that the density of the helical unit cannot differ greatly from
that of dry sodium thymonucleate, 163 gm./cm.3 1.5, the water in
fibres of high water-content being situated outside the structural
unit. On this basis we find that a cylinder of radius 10 A. and height
34 A. would contain thirty-two nucleotides. However, there might
possibly be some slight inter-penetration of the cylindrical units in
the dry state making their effective radius rather less. It is therefore
difficult to decide, on the basis of density measurements alone,
whether one repeating unit contains ten nucleotides on each of two
or on each of three co-axial molecules. (If the effective radius were
8 A. the cylinder would contain twenty nucleotides.) Two other
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arguments, however, make it highly probable that there are only two
co-axial molecules.

First, a study of the Patterson function of structure A4, using
superposition methods, has indicated® that there are only two chains
passing through a primitive unit cell in this structure. Since the 4 =
B transformation is readily reversible, it seems very unlikely that the
molecules would be grouped in threes in structure B. Secondly, from
measurements on the X-ray diagram of structure B it can readily be
shown that, whether the number of chains per unit is two or three,
the chains are not equally spaced along the fibre axis. For example,
three equally spaced chains would mean that the nth layer line
depended on J,,, and would lead to a helix of diameter about 60 A.
This is many times larger than the primitive unit cell in structure 4.
and absurdly large in relation to the dimensions of nucleotides.
Three unequally spaced chains, on the other hand, would be crystal-
lographically non-equivalent, and this, again, seems unlikely. It
therefore seems probable that there are only two co-axial molecules
and that these are unequally spaced along the fibre axis.

Thus, while we do not attempt to offer a complete interpretation
of the fibre-diagram of structure B, we may state the following con-
clusions. The structure is probably helical. The phosphate groups lie
on the outside of the structural unit, on a helix of diameter about 20
A. The structural unit probably consists of two co-axial molecules
which are not equally spaced along the fibre axis, their mutual dis-
placement being such as to account for the variation of observed
intensities of the innermost maxima on the layer lines; if one mole-
cule is displaced from the other by about three-eighths of the fibre-
axis period, this would account for the absence of the fourth layer
line maxima and the weakness of the sixth. Thus our general ideas
are not inconsistent with the model proposed by Watson and Crick
in the preceding communication.

The conclusion that the phosphate groups lie on the outside of the
structural unit has been reached previously by quite other
reasoning.! Two principal lines of argument were invoked. The first
derives from the work of Gulland and his collaborators,” who
showed that even in aqueous solution—CO and NH, groups of the
bases are inaccessible and cannot be titrated, whereas the phosphate
groups are fully accessible. The second is based on our own
observations! on the day in which the structural units in structures
A and B are progressively separated by an excess of water, the proc-
ess being a continuous one which leads to the formation first of a
gel and ultimately to a solution. The hygroscopic part of the mole-
cule may be presumed to lie in the phosphate groups
(CyH;0),PO,Na and (C3H;0),PO,Na are highly hygroscopic®),
and the simplest explanation of the above process is that these
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groups lie on the outside of the structural units. Moreover, the ready
availability of the phosphate groups for interaction with proteins can
most easily be explained in this way.

We are grateful to Prof. J. T. Randall for his interest and to Drs.
F. H. C. Crick, A. R. Stokes and M. H. F. Wilkins for discussion.
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J. D. WATSON* and F. H. C. CRICK
The Structure of DNAT

It would be superfluous at a Symposium on Viruses to introduce a
paper on the structure of DNA with a discussion on its importance
to the problem of virus reproduction. Instead we shall not only
assume that DNA is important, but in addition that it is the carrier
of the genetic specificity of the virus (for argument, see Hershey,
this volume) and thus must possess in some sense the capacity for
exact self-duplication. In this paper we shall describe a structure for
DNA which suggests a mechanism for its self-duplication and allows
us to propose, for the first time, a detailed hypothesis on the atomic
level for the self-reproduction of genetic material.

We first discuss the chemical and physical-chemical data which
show that DNA is a long fibrous molecule. Next we explain why
crystallographic evidence suggests that the structural unit of DNA
consists not of one but of two polynucleotide chains. We then dis-
cuss a stereochemical model which we believe satisfactorily accounts
for both the chemical and crystallographic data. In conclusion we
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suggest some obvious genetical implications of the proposed struc-
ture. A preliminary account of some of these data has already
appeared in Nature (Watson and Crick, 1953a, 1953b).

1. Evidence for the Fibrous Nature of DNA

The basic chemical formula of DNA is now well established. As
shown in Figure 1 it consists of a very long chain, the backbone of
which is made up of alternate sugar and phosphate groups, joined
together in regular 3' 5' phosphate di-ester linkages. To each sugar
is attached a nitrogenous base, only four different kinds of which
are commonly found in DNA. Two of these—adenine and guanine
—are purines, and the other two—thymine and cytosine—are pyr-
imidines. A fifth base, 5-methyl cytosine, occurs in smaller amounts
in certain organisms, and a sixth, s-hydroxy-methyl-cytosine, is
found instead of cytosine in the T even phages (Wyatt and Cohen,
1952).

It should be noted that the chain is unbranched, a consequence of
the regular internucleotide linkage. On the other hand the sequence

D.N.A.

BASE™ SUGAR

PHOSPHATE

N/

BASE™  SUGAR
PHOSPHATE
BASE™  SUGAR

PHOSPHATE

N N\ /

BASE 7 SUGAR
PHOSPHATE

BASE ™ SUGCAR

NS

PHOSPHATE

Ficure 1. Chemical formula (diagrammatic) of a single
chain of desoxyribonucleic acid.
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of the different nucleotides is, as far as can be ascertained, com-
pletely irregular. Thus, DNA has some features which are regular,
and some which are irregular.

A similar conception of the DNA molecule as a long thin fiber is
obtained from physico-chemical analysis involving sedimentation
diffusion, light scattering, and viscosity measurements. These tech-
niques indicate that DNA is a very asymmetrical structure approxi-
mately 20 A wide and many thousands of angstroms long. Estimates
of its molecuular weight currently center between 5 X 108 and 107
(approximately 3 X 10* nucleotides). Surprisingly each of these
measurements tend to suggest that the DNA is relatively rigid, a
puzzling finding in view of the large number of single bonds (5 per
nucleotide) in the phosphate-sugar backbone. Recently these indi-
rect inferences have been confirmed by electron microscopy.
Employing high resolution techniques both Williams (1952) and
Kahler et al. (1953) have observed, in preparations of DNA, very
long thin fibers with a uniform width of approximately 15-20 A.

I1. Evidence for the Existence of Two Chemical Chains in the
Fiber

This evidence comes mainly from X-ray studies. The material
used is the sodium salt of DNA (usually from calf thymus) which
has been extracted, purified, and drawn into fibers. These fibers are
highly birefringent, show marked ultraviolet and infrared dichroism
(Wilkins et al., 1951; Fraser and Fraser, 1951), and give good
X-ray fiber diagrams. From a preliminary study of these, Wilkins,
Franklin and their co-workers at King’s College, London (Wilkins
et al., 1953; Franklin and Gosling 19534, b and c) have been able
to draw certain general conclusions about the structure of DNA.
Two important facts emerge from their work. They are:

(1) Two distinct forms of DNA exist. Firstly a crystalline form,
Structure A, (Figure 2) which occurs at about 75 per cent relative
humidity and contains approximately 30 per cent water. At higher
humidities the fibers take up more water, increase in length by about
30 per cent and assume Structure B (Figure 3). This is a less
ordered form than Structure A, and appears to be paracrystalline;
that is, the individual molecules are all packed parallel to one
another, but are not otherwise regularly arranged in space. In Table
I, we have tabulated some of the characteristic features which dis-
tinguish the two forms. The transition from A to B is reversible and
therefore the two structures are likely to be related in a simple
manner.

(2) The crystallographic unit contains two polynucleotide chains.
The argument is crystallographic and so will only be given in out-



260 -+ J.D. Watsonand F. H. C. Crick

line. Structure B has a very strong 3.4 A reflexion on the meridian.
As first pointed out by Astbury (1947), this can only mean that the
nucleotides in it occur in groups spaced 3.4 A apart in the fiber
direction. On going from Structure B to Structure A the fiber short-
ens by about 30 per cent. Thus in Structure A the groups must be
about 2.5 per cent A apart axially. The measured density of Struc-
ture A, (Franklin and Gosling, 1953c) together with the cell dimen-
sions, shows that there must be rwo nucleotides in each such group.
Thus it is very probable that the crystallographic unit consists of
two distinct polynucleotide chains. Final proof of this can only
come from a complete solution of the structure.

Structure A has a pseudo-hexagonal lattice, in which the lattice
points are 22 A apart. This distance roughly corresponds with the
diameter of fibers seen in the electron microscope, bearing in mind

Fiovny 2. Xeray fiber diagram of Structure A lof desoxy-
ribonueleic aeid. (H. M. F. Wilkins and H. R. Wilson,
unpub.}
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that the latter are quite dry. Thus it is probable that the crystallogra-
phic unit and the fiber are the one and the same.

Ficure 3. Xeray fiber diagram of Structure B of desoxy-
ribonucleic acid. (R. E. Franklin and R. Gosling, 1953a.)

H1. Description of the Proposed Structure

Two conclusions might profitably be drawn from the above data.
Firstly, the structure of DNA is regular enough to form a three
dimensional crystal. This is in spite of the fact that its component
chains may have an irregular sequence of purine and pyrimidine
nucleotides. Secondly, as the structure contains two chains, these
chains must be regularly arranged in relation to each other.

To account for these findings, we have proposed (Watson and
Crick, 1953a) a structure in which the two chains are coiled round
a common axis and joined together by hydrogen bonds between the
nucleotide bases (see Figure 4). Both chains follow right handed
helices, but the sequences of the atoms in the phosphate-sugar
backbones run in opposite directions and so are related by a dyad
perpendicular to the helix axis. The phosphates and sugar groups are
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TABLE 1.
(From Franklin and Gosling, 1953a, b and ¢)

Repeat
distance  Location Number of
along of first nucleotides
Degree of fiber equatorial content  within unit
orientation axis spacing Water cell
Structure A Crystalline 28 A 18 A 30% 22-24

Structure B Paracrystalline 34 A 22-24 A > 30% 20(?)

on the outside of the helix whilst the bases are on the inside. The
distance of a phosphorus atom from the fiber axis is 10 A. We have
built our model to correspond to Structure B, which the X-ray data
show to have a repeat distance of 34 A in the fiber direction and a
very strong reflexion of spacing 3.4 A on the meridian of the X-ray
pattern. To fit these observations our strucure has a nucleotide on
each chain every 3.4 A in the fiber direction, and makes one com-
plete turn after 10 such intervals, ie., after 34 A. Our structure is a
well-defined one and all bond distances and angles, including van
der Waal distances, are stereochemically acceptable.

The essential element of the structure is the manner in which the
two chains are held together by hydrogen bonds between the bases.
The bases are perpendicular to the fiber axis and joined together in
pairs. The pairing arrangement is very specific, and only certain
pairs of bases will fit into the structure. The basic reason for this is
that we have assumed that the backbone of each polynucleotide
chain is in the form of a regular helix. Thus, irrespective of which
bases are present, the glucosidic bonds (which join sugar and base)
are arranged in a regular manner in space. In particular, any two
glucosidic bonds (one from each chain) which are attached to a
bonded pair of bases, must always occur at a fixed distance apart
due to the regularity of the two backbones to which they are joined.
The result is that one member of a pair of bases must always be a
purine, and the other a pyrmidine, in order to bridge between the
two chains. If a pair consisted of two purines, for example, there
would not be room for it; if of two pyrimidines they would be too
far apart to form hydrogen bonds.

In theory a base can exist in a number of tautomeric forms, dif-
fering in the exact positions at which its hydrogen atoms are
attached. However, under physiological conditions one particular
form of each base is much more probable than any of the others. If
we make the assumption that the favored forms always occur, then

the pairing requirements are even more restrictive. Adenine can only
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Ficure 4. This figure is diagrammatic. The two ribbons
symbolize the two phosphate-sugar chains and the horizon-
tal rods. The paths of bases holding the chain together.
The vertical line marks the fiber axis,

pair with thymine, and guanine only with cytosine (or 5-methyl-cy-
tosine, or s-hydroxy-methyl-cytosine). This pairing is shown in
detail in Figures 5 and 6. If adenine tried to pair with cytosine it
could not from hydrogen bonds, since there would be two hydrogens
near one of the bonding positions, and none at the other, instead of
one in each.

A given pair can be either way round. Adenine, for example, can
occur on either chain, but when it does its partner on the other
chain must always be thymine. This is possible because the two glu-
coside bonds of a pair (see Figures 5 and 6) are symmetrically
related to each other, and thus occur in the same positions if the
pair is turned over.

It should be emphasized that since each base can form hydrogen
bonds at a number of points one can pair up isolated nucleotides in
a large variety of ways. Specific pairing of bases can only be
obtained by imposing some restriction, and in our case it is in a
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ADENINE °© THYMINE

Ficure 5. Pairing of adenine and thymine. Hydrogen
bonds are shown dotted. One carbon atom of each sugar
is shown.

direct consequence of the postulated regularity of the phosphate-
sugar backbone. _

It should further be emphasized that whatever pair of 'basefs
occurs at one particular point in the DNA structure, no restric?tlon is
imposed on the neighboring pairs, and any sequence of pairs can
occur. This is because all the bases are flat, and since they are
stacked roughly one above another like a pile of pennies, it makes
no difference which pair is neighbor to which.

Though any sequence of bases can fit into our structure, the
necessity for specific pairing demands a definite relationship between
the sequences on the two chains. That is, if we knew th.e actual
order of the bases on one chain, we could automatically write down
the order on the other. Our structure therefore consists of two
chains, each of which is the complement of the other.

IV. Evidence in Favor of the Complementary Model

The experimental evidence available to us now offers strong sup-
port to our model though we should emphasize that, as yet, it has
not been proved correct. The evidence in its favor is of three types:

(1) The general appearance of the X-ray picture strongly su.ggests
that the basic structure is helical (Wilkins et al., 1953; Franklin and
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Gosling, 1953a). If we postulate that a helix is present, we immedi-
ately are able to deduce from the X-ray pattern of Structure B
(Figure 3), that its pitch is 34 A and its diameter approximately 20
A. Moreover, the pattern suggests a high concentration of atoms on
the circumference of the helix, in accord with our model which
places the phosphate sugar backbone on the outside. The photo-
graph also indicates that the two polynucleotide chains are not
spaced equally along the fiber axis, but are probably displaced from
each other by about three-eighths of the fiber axis period, an infer-
ence again in qualitative agreement with our model.

The interpretation of the X-ray pattern of Structure A (the crys-
talline form) is less obvious. This form does not give a meridional
reflexion at 3.4 A, but instead (Figure 2) gives a series of reflexions
around 25° off the meridian at spacings between 3 A and 4 A. This
suggests to us that in this form the bases are no longer perpendicu-
lar to the fiber axis, but are tilted about 25° from the perpendicular
position in a way that allows the fiber to contract 30 per cent and
reduces the longitudinal translation of each nucleotide to about 2.5
A. It should be noted that the X-ray pattern of Structure A is much
more detailed than that of Structure B and so if correctly inter-
preted, can yield more precise information about DNA., Any pro-
posed model for DNA must be capable of forming either Structure

GUANINE o CYTOSINE

FIGURE 6. Pairing of guanine and cytosine. Hydrogen
bonds are shown dotted. One carbon atom of each sugar
is shown.
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A or Structure B and so it remains imperative for our very tentative
interpretation of Structure A to be confirmed.

(2) The anomolous titration curves of undegraded DNA with
acids and bases strongly suggests that hydrogen bond formation is a
characteristic aspect of DNA structure. When a solution of DNA is
initially treated with acids or bases, no groups are titratable at first
between pH 5 and pH 11.0, but outside these limits a rapid ioniza-
tion occurs (Gulland and Jordan, 1947; Jordan, 1951). On back
titration, however, either with acid from pH 12 or with alkali from
pH 22, a different titration curve is obtained indicating that the
titratable groups are more accessible to acids and bases than is the
untreated solution. Accompanying the initial release of groups at pH
11.5 and in the range pH 3.5 to pH 4.5 is a marked fall in the vis-
cosity and the disappearance of strong flow birefringence. While this
decrease was originally thought to be caused by a reversible depoly-
merization (Vilbrandt and Tennent, 1943), it has been shown by
Gulland, Jordan and Taylor (1947) that this is unlikely as no
increase was observed in the amount of secondary phosphoryl
groups. Instead these authors suggested that some of the groups of
the bases formed hydrogen bonds between different bases. They
were unable to decide whether the hydrogen bonds linked bases in
the same or in adjacent structural units. The fact that most of the
ionizable groups are originally inaccessible to acids and bases is
more easily explained if the hydrogen bonds are between bases
within the same structural unit. This point would definitely be estab-
lished if it were shown that the shape of the initial titration curve
was the same at very low DNA concentrations, when the interaction
between neighboring structural units is small.

(3) The analytical data on the relative proportion of the various
bases show that the amount of adenine is close to that of thymine,
and the amount of guanine close to the amount of cytosine + 5-
methyl cytosine, although the ratio of adenine to guanine can vary
from one source to another (Chargaff, 1951; Wyatt, 1952). In fact
as the techniques for estimation of the bases improve, the ratios of
adenine to thymine, and guanine to cytosine + 5-methyl cytosine
appear to grow very close to unity. This is a most striking result,
especially as the sequence of bases on a given chain is likely to be
irregular, and suggests a structure involving paired bases. In fact, we
believe the analytical data offer the most important evidence so far
available in support of our model, since they specifically support the
biologically interesting feature, the presence of complementary
chains.

We thus believe that the present experimental evidence justifies
the working hypothesis that the essential features of our model are
correct and allows us to consider its genetic possibilities.
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V. Genetical Implications of the Complementary Model

As a preliminary we should state that the DNA fibers from which
the X-ray diffraction patterns were obtained are not artifacts arising
in the method of preparation. In the first place, Wilkins and his co-
workers (see Wilkins ez al., 1953) have shown that X-ray patterns
similar to those from the isolated fibers can be obtained from cer-
tain intact biological materials such as sperm head and bacterio-
phage particles. Secondly, our postulated model is so extremely spe-
cific that we find it impossible to believe that it could be formed
during the isolation from living cells.

A genetic material must in some way fulfil two functions. It must
duplicate itself, and it must exert a highly specific influence on the
cell. Our model for DNA suggests a simple mechanism for the first
process, but at the moment we cannot see how it carries out the
second one. We believe, however, that its specificity is expressed by
the precise sequence of the pairs of bases. The backbone of our
model is highly regular, and the sequence is the only feature which
can carry the genetical information. It should not be thought that
because in our structure the bases are on the “inside,” they would be
unable to come into contact with other molecules. Owing to the
open nature of our structure they are in fact fairly accessible.

A Mechanism for DNA Replication

The complementary nature of our structure suggests how it dupli-
cates itself. It is difficult to imagine how like attracts like, and it has
been suggested (see Pauling and Delbriick, 1940; Friedrich-Freksa,
1940; and Muller, 1947) that self duplication may involve the union
of each part with an opposite or complementary part. In these dis-
cussions it has generally been suggested that protein and nucleic
acid are complementary to each other and that self replication
involves the alternate syntheses of these two components. We should
like to propose instead that the specificity of DNA self replication is
accomplished without recourse to specific protein synthesis and that
each of our complementary DNA chains serves as a template or
mould for the formation onto itself of a new companion chain.

For this to occur the hydrogen bonds linking the complementary
chains must break and the two chains unwind and separate. It seems
likely that the single chain (or the relevant part of it) might itself
assume the helical form and serve as a mould onto which free
nucleotides (strictly polynucleotide precursors) can attach them-
selves by forming hydrogen bonds. We propose that polymerization
of the precursors to form a new chain only occurs if the resulting
chain forms the proposed structure. This is plausible because steric
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reasons would not allow monomers “crystallized” onto the first
chain to approach one another in such a way that they could be
joined together in a mew chain, unless they were those monomers
which could fit into our structure. It is not obvious to us whether a
special enzyme would be required to carry out the polymerization or
whether the existing single helical chain could act effectively as an
enzyme.

Difficulties in the Replication Scheme

While this scheme appears intriguing, it nevertheless raises a
number of difficulties, none of which, however, do we regard as
insuperable. The first difficulty is that our structure does not differ-
entiate between cytosine and 5-methyl cytosine, and therefore
during replication the specificity in sequence involving these ba§es
would not be perpetuated. The amount of 5-methyl cytosine varies
considerably from one species to another, though it is usually rather
small or absent. The present experimental results (Wyatt, 1952)
suggest that each species has a characteristic amount. They also
show that the sum of the two cytosines is more nearly equal to the
amount of guanine than is the amount of cytosine by itself. It may
well be that the difference between the two cytosines is not function-
ally significant. This interpretation would be considerably streng}h-
ened if it proved possible to change the amount of 5-methyl cytosine
in the DNA of an organism without altering its genetical make-up.

The occurrence of 5-hydroxy-methyl-cytosine in the T even
phages (Wyatt and Cohen, 1952) presents no such difficulty, since it
completely replaces cytosine, and its amount in the DNA is close to
that of guanine.

The second main objection to our scheme is that it completely
ignores the role of the basic protamines and histones, proteins
known to be combined with DNA in most living organisms. This
was done for two reasons. Firstly, we can formulate a scheme of
DNA reproduction involving it alone and so from the viewpoint of
simplicity it seems better to believe (at least at present) that_ the
genetic specificity is never passed through a protein intermediary.
Secondly, we know almost nothing about the structural features of
protamines and histones. Our only clue is the finding of Astbury
(1947) and of Wilkins and Randall (1953) that the X-ray pattern
of nucleoprotamine is very similar to that of DNA alone. This sug-
gests that the protein component, or at least some of it, also assumes
a helical form and in view of the very open nature of our model, we
suspect that protein forms a third helical chain between the pair of
polynucleotide chains (see Figure 4). As yet nothing is known
about the function of the protein; perhaps it controls the coiling and
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uncoiling and perhaps it assists in holding the single polynucleotide
chains in a helical configuration.

The third difficulty involves the necessity for the two complemen-
tary chains to unwind in order to serve as template for a new chain.
This is a very fundamental difficulty when the two chains are inter-
laced as in our model. The two main ways in which a pair of helices
can be coiled together have been called plectonemic coiling and par-
anemic coiling. These terms have been used by cytologists to
describe the coiling of chromosomes (Huskins, 1942) for a review
see Manton, 1950). The type of coiling found in our model (see
Figure 4) is called plectonemic. Paranemic coiling is found when
two separate helices are brought to lie side by side and then pushed
together so that their axes roughly coincide. Though one may start
with two regular helices the process of pushing them together neces-
sarily distorts them. It is impossible to have paranemic coiling with
two regular simple helices going round the same axis. This point can
only be clearly grasped by studying models.

There is of course no difficulty in “unwinding” a single chain of
DNA coiled into a helix, since a polynucleotide chain has so many
single bonds about which rotation is possible. The difficulty occurs
when one has a pair of simple helices with a common axis. The dif-
ficulty is a topological one and cannot be surmounted by simple
manipulation. Apart from breaking the chains there are only two
sorts of ways to separate two chains coiled plectonemically. In the
first, one takes hold of one end of one chain, and the other end of
the other, and simply pulls in the axial direction. The two chains
slip over each other, and finish up separate and end to end. It seems
to us highly unlikely that this occurs in this case, and we shall not
consider it further. In the second way the two chains must be
directly untwisted. When this has been done they are separate and
side by side. The number of turns necessary to untwist them com-
pletely is equal to the number of turns of one of the chains round
the common axis. For our structure this comes to one turn every 34
A, and thus about 150 turns per million molecular weight of DNA,
that is per 5000 A of our structure. The problem of uncoiling falls
into two parts:

(1) How many turns must be made, and how is tangling avoided?

(2) What are the physical or chemical forces which produce it?

For the moment we shall be mainly discussing the first of these. It
is not easy to decide what is the uninterrupted length of functionally
active DNA. As a lower limit we may take the molecular weight of
the DNA after isolation, say fifty thousand A in length and having
about 1000 turns. This is only a lower limit as there is evidence sug-
gesting a breakage of the DNA fiber during the process of extrac-
tion. The upper limit might be the total amount of DNA in a virus
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or in the case of a higher organism, the total amount of DNA in a
chromosome. For T2 this upper limit is approximately 800,000 A
which corresponds to 20,000 turns, while in the higher organisms
this upper limit may sometimes be 1000 fold higher.

The difficulty might be more simple to resolve if successive parts
of a chromosome coiled in opposite directions. The most obvious
way would be to have both right and left handed DNA helices in
sequence but this seems unlikely as we have only been able to build
our model in the right handed sense. Another possibility might be
that the long strands of right handed DNA are joined together by
compensating strands of left handed polypeptide helices. The merits
of this proposition are difficult to assess, but the fact that the phage
DNA does not seem to be linked to protein makes it rather unat-
tractive.

The untwisting process would be less complicated if replication
started at the ends as soon as the chains began to separate. This
mechanism would produce a new two-strand structure without
requiring at any time a free single-strand stage. In this way the
danger of tangling would be considerably decreased as the two-
strand structure is much more rigid than a single strand and would
resist attempts to coil around its neighbors. Once the replicating
process is started the presence, at the growing end of the pair, of
double-stranded structures might facilitate the breaking of hydrogen
bonds in the original unduplicated section and allow replication to
proceed in a zipper-like fashion.

It is also possible that one chain of a pair occasionally breaks
under the strain of twisting. The polynucleotide chain remaining
intact could then release the accumulated twist by rotation about
single bonds and following this, the broken ends, being still in close
proximity, might rejoin.

It is clear that, in spite of the tentative suggestions we have just
made, the difficulty of untwisting is a formidable one, and it is
therefore worthwhile re-examining why we postulate plectonemic
coiling, and not paranemic coiling in which the two helical threads
are not intertwined, but merely in close apposition to each other.
Our answer is that with paranemic coiling, the specific pairing of
bases would not allow the successive residues of each helix to be in
equivalent orientation with regard to the helical axis. This is a possi-
bility we strongly oppose as it implies that a large number of stereo-
chemical alternatives for the sugar-phosphate backbone are possible,
an inference at variance to our finding, with stereochemical models
(Crick and Watson, 1953) that the position of the sugar-phosphate
group is rather restrictive and cannot be subject to the large variabil-
ity necessary for paranemic coiling. Moreover, such a model would
not lead to specific pairing of the bases, since this only follows if the
glucosidic links are arrranged regularly in space. We therefore
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believe that if a helical structure is present, the relationship between
the helices will be plectonemic.

We should ask, however, whether there might not be another
complementary structure which maintains the necessary regularity
but which is not helical. One such structure can, in fact, be imag-
ined. It would consist of a ribbon-like arrangement in which again
the two chains are joined together by specific pairs of bases, located
3.4 A above each other, but in which the sugar-phosphate backbone
instead of forming a helix, runs in a straight line at an angle approx-
imately 30° off the line formed by the pair of bases. While this rib-
bon-like structure would give many of the features of the X-ray dia-
gram of Structure B, we are unable to define precisely how it should
pack in a macroscopic fiber, and why in particular it should give a
strong equatorial reflexion at 20-24 A. We are thus not enthusiastic
about this model though we should emphasize that it has not yet
been disproved.

Independent of the details of our model, there are two geometri-
cal problems which any model for DNA must face. Both involve the
necessity for some form of super folding process and can be illus-
trated with bacteriophage. Firstly, the total length of the DNA
within T2 is about 8 X 10% A. As its DNA is thought (Siegal and
Singer, 1953) to have the same very large M.W. as that from other
sources, it must bend back and forth many times in order to fit into
the phage head of diameter 800 A. Secondly, the DNA must repli-
cate itself without getting tangled. Approximately 500 phage parti-
cles can be synthesized within a single bacterium of average
dimensions 10 X 10% X 10%* A. The total length of the newly pro-
duced DNA is some 4 x 108 A, all of which we believe was at some
interval in contact with its parental template. Whatever the precise
mechanism of replication we suspect the most reasonable way to
avoid tangling is to have the DNA fold up into a compact bundle as
it is formed.

A Possible Mechanism for Natural Mutation

In our duplication scheme, the specificity of replication is
achieved by means of specific pairing between purine and pyrimi-
dine bases; adenine with thymine, and guanine with one of the cyto-
sines. This specificity results from our assumption that each of the
bases possesses one tautomeric form which is very much more stable
than any of the other possibilities. The fact that a compound is tau-
tomeric, however, means that the hydrogen atoms can occasionally
change their locations. It seems plausible to us that a spontaneous
mutation, which as implied earlier we imagine to be a change in the
sequence of bases, is due to a base occurring very occasionally in
one of the less likely tautomeric forms, at the moment when the
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complementary chain is being formed. For example, .while. adenine
will normally pair with thymine, if there is a tautqmerlc shift of one
of its hydrogen atoms it can pair with cytosine (ngure 7). The next
time pairing occurs, the adenine (having resumed 1t§ morF usu‘al tau-
tomeric form) will pair with thymine, but the cytosine will pair with
guanine, and so a change in the sequence of bases. will haYe
occurred. It would be of interest to know the precise dltferer}ce in
free energy between the various tautomeric forms under physiologi-
cal conditions.

ADENINE THYMINE

ADENINE CYTOSINE

Ficure. 7. Pairing arrangements of adenine before
(above) and after (below) it has undergone a tautomeric
shift.

General Conclusion

The proof or disproof of our structure will have to come from
further crystallographic analysis, a task we hope will be accom-
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plished soon. It would be surprising to us, however, if the idea of
complementary chains turns out to be wrong. This feature was ini-
tially postulated by us to account for the crystallographic regularity
and it seems to us unlikely that its obvious connection with self rep-
lication is a matter of chance. On the other hand the plectonemic
coiling is, superficially at least, biologically unattractive and so
demands precise crystallographic proof. In any case the evidence for
both the model and the suggested replication scheme will be
strengthened if it can be shown unambiguously that the genetic spe-
cificity is carried by DNA alone, and, on the molecular side, how
the structure could exert a specific influence on the cell.

Cavendish Laboratory, Cambridge, England
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F. H. C. CRICK and J. D. WATSONY}

The Complementary Structure of
Deoxyribonucleic Acid (1954)t

This paper describes a possible structure for the paracrystallir_le form of
the sodium salt of deoxyribonucleic acid. The structure consists of two
DNA chains wound helically round a common axis, and helq together
by hydrogen bonds between specific pairs of bases. Tl}e assumptions made
in deriving the structure are described, and co-or;ilnates are given for
the principal atoms. The structure of the crystalline form is discussed
briefly.

Introduction

The basic chemical formula of DNA is now fairly well est'flb-
lished. It is a very long chain molecule formed by the joimr}g
together of complex monomeric units called nucleotides. Four main
types of nucleotides are found in DNA, and it is pro.bable that their
sequence along a given chain is irregular. The relative amounts of
the four nucleotides vary from species to species. The linkage
between successive nucleotides is regular and involves 3’-5'-
phospho-di-ester bonds.

Information about the three-dimensional shape is much less com-
plete than that about its chemical formula. Physical-chemical stud-
ies, involving sedimentation, diffusion and light-scattering measure-
ments, have suggested that the DNA chains exist in the form of thin
rather rigid fibres approximately 20 A in diameter and many thou-
sand of angstrdms in length (Jordan 1951; Sadron 1953). Very
recently these indirect inferences have been directly confirmed by the
electron micrographs of Williams (1952) and of Kahler & Lloyfi
(1953). Both sets of investigators have presented very good evi-
dence for the presence in preparations of DNA of very long Fhm
fibres with a diameter of 15 to 20 A, and so there now appears little
doubt about the general asymmetrical shape of DNA. A

The only source of detailed information about the configuration

+ From the Proceedings of the Royal Society, A, 223 (1954), pp. 80-96.
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of the atoms within the fibres is X-ray analysis (Astbury 1947;
Wilkins, Stokes & Wilson 1953; Franklin & Gosling 1953a). DNA’s
from various sources can be extracted, purified and drawn into
fibres which are highly birefringent and give remarkably good X-ray
diagrams. The same type of X-ray pattern is obtained from all
sources of DNA, and the unit cell found is many times larger than
that of the fundamental chemical unit, the nucleotide.

It seems improbable that the structure can be solved solely by
modern crystallographic methods such as inequalities or vector
superposition. These methods have so far been successfully used
with relatively simple compounds. The DNA unit cell, however, is
very large, and in fact contains a larger number of atoms than in
any structure, crystalline or fibrous, so far determined. Moreover,
the number of X-ray reflexions is small, as there are few reflexions
at spacings less than 3 A, and so the classical method of trial and
error seems the most promising approach.

It has therefore seemed worth while for us to build models of
idealized polynucleotide chains to see if stereochemical considera-
tions might tell us something about their arrangement in space. In
doing so we have utilized interatomic distances and bond angles
obtained from the simpler constituents of DNA and have only
attempted to formulate structures in which configurational parame-
ters assume accepted dimensions. We have only considered such
structures as would fit the preliminary X-ray data of Wilkins, Frank-
lin and their co-workers. Our search has so far yielded only one
suitable structure. This structure, of which a preliminary account
has already appeared (Watson & Crick 1953a), consists of two
intertwined polynucleotide chains helically arranged around a
common axis. The two chains are joined together by hydrogen
bonds between a purine base on one chain and a pyrimidine base on
the other. This structure appears to us most promising, and in fact
we believe that its broad features are correct. In this paper we shall
present the assumptions used in formulating this structure and give
precise co-ordinates for the principal atoms. We shall make no
attempt to test the structure with the experimental X-ray evidence as
this is being done by others.

Chemical Background

The DNA molecule can be formally divided into two parts, the
backbone and the side groups. The backbone, as shown in figure 1,
is very regular and is made up of alternate sugar (2-deoxy-D-ri-
bose) and phosphate groups joined together in regular, 3', §-
phosphate-di-ester linkages (Brown & Todd 1952; Dekker, Michel-
son & Todd 1953). The side groups consist of either a purine or a
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pyrimidine base, only one of which is attached to any given sugar.
Two purines, adenine and guanine, and two pyrimidines, c-yt(‘)s%ne
and thymine, are commonly present. In addition, a third p'yrlmldn?e
5-methyl-cytosine (Wyatt 1952) occurs in small amounts in certain
organisms, while in the T-even phages cytosine is absent and is
replaced by a fourth pyrimidine, 5-hydroxy-methyl-cytosine (Wyatt
& Cohen 1952).

FigURE 1. The general formula of DNA. R is a purine or pyrimidine base.

The glycosidic combination of the base and the sugar is known as
a nucleoside, while the phosphate ester of a nucleoside is called a
nucleotide. The deoxyribose residue in each of the nucleotides is in
the furanose form (Brown & Lythgoe 1950) and is glycosidically
bound to N in the pyrimidine nucleosides and to Ny in the purine
nucleosides (for a review, see Tipson 1945). The configuration at
the glycosidic linkage has been shown to be g in deoxyz.adenosine
and deoxycytidine (Todd et al. unpublished) and is considered by
analogy to be the same in the other natural deoxyribonucleosides. '

A DNA chain may contain thousands of nucleotides and is
thought in view of the regular internucleotide linkage to be
unbranched. Very little is known about the precise sequence of the
different nucleotides, but as far as can be now ascertained the order
is irregular and any sequence of nucleotides is possible.

At pH values > 2, the primary phosphoryl groups are ionized,
and so most investigations have utilized the sodium salt. The crystal-
lographic analysis has so far dealt exclusively with this salt, and our
structural suggestions are correspondingly limited to this form.
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Crystallographic Considerations

X-ray photographs of DNA fibres were obtained in 1938 by Ast-
bury & Bell (1938) and more recently by Wilkins & Franklin and
their collaborators at King's College, London (Wilkins et al. 1953;
Franklin & Gosling 19534, c). The photographs were taken of puri-
fied samples which had been drawn into birefringent fibres in which
the DNA molecules are orientated approximately parallel to the
fibre axis. The photographs of Wilkins & Franklin and their collabo-
rators are appreciably sharper than those of Astbury & Bell, and we
shall restrict our discussion to their work.

It is observed! that DNA can exist in two different forms,? a
crystalline form structure 4, and a paracrystalline form structure B.
The crystalline form occurs at 75% relative humidity and contains
about 30% water by weight. Its repeat distance along the fibre axis
is 28 A. At higher humidities this form takes up more water,
increases in length by about 30% and assumes the alternative para-
crystalline form, In contrast to the crystalline form which lacks any
strong meridional reflexion the paracrystalline form gives a very
strong meridional reflexion at 3+4 A. In conjunction with the
increase in fibre length, the repeat along the fibre axis increases to
34 A. Both forms give equatorial reflexions corresponding to side-
ways repeats of 22 to 25 A, and it appears that their diameters are
approximately the same. The transition between the two forms is
freely reversible, and it seems likely that they are related in a simple
manner.

They have further shown (Wilkins ef al. 1953) that the X-ray
pattern of both the crystalline and paracrystalline forms is the same
for all sources of DNA ranging from viruses to mammals. At first
sight this seems surprising, as the ratios of the various nucleotides
vary from one source to another and it might have been expected
that the size and shape of the structurall unit would vary correspond-
ingly. On the other hand, we should recall that the sequence of
nucleotides within a given DNA chain is irregular and so the fact
that DNA forms a repetitive structure (much less a crystalline struc-
ture!) is itself unusual.

It seemed to us that the most likely explanation of these observa-
tions was that the structure was based upon features common to all

1. The information reported in this sec-
tion was very kindly reported to us prior
to its publication by Drs. Wilkins and
Franklin. We are most heavily indebted
in this respect to the King’s College
Group, and we wish to point out that
without this data the formulation of our
structure would have been most unlikely,
if not impossible. We should at the same
time mention that the details of their X-

ray photographs were not known to us,
and that the formulation of the structure
was largely the result of extensive model
building in which the main effort was to
find any structure which was stereochem-
ically feasible.

2. The existence of the two forms was
first suggested by powder photographs of
DNA gells (Riley & Oster 1951).
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nucleotides. This suggested that in the first instance one should con-
sider mainly the configuration of the phosphate-sugar chain, with an
‘average’ base attached to each sugar. In other words, an idealized
polynucleotide with all the monomers the same.

For such a model it is stereochemically plausible to assume that
all the sugar and phosphate groups are in equivalent positions and
have identical environments irrespective of which nucleotide is being
considered. This implies that one nucleotide is related to another by
a symmetry operation, and in the case of a single optically active
chain, this operation is necessarily a rotation about an axis accom-
panied by a translation along the axis. This corresponds to a screw
axis, and the operation if repeated leads in general to a helix, as
pointed out before by Pauling, Corey & Branson (1951) and by
Crane (1950).

The idea that the DNA structure is helical® is supported by two
general features of the experimental data. First, it provides a simple
explanation of the fact that the fibre axis repeat (== 30 A) is many
times longer than the probable axial spacing between nucleotides
(= 3 A), since a helical structure composed of identical monomers
will give a spacing related to the pitch of the helix (Cochran, Crick
& Vand 1952). Secondly, the unit-cell dimensions of the crystalline
form (Franklin & Gosling 1953¢) are pseudo-hexagonal in cross-
section, as one might expect if the structure was based on helical
bundles approixmately cylindrical in shape.

We have therefore attempted to build helical structures in which
the repeat distance along the fibre axis is that reported by Wilkins,
Franklin and co-workers. Before doing so, however, it was necessary
to decide whether to build models of the crystalline form structure
A or the paracrystalline form structure B. We had no hesitation in
choosing the latter, mainly because of its extremely strong 34 A
meridional reflexion (discussed below), since this gives information
which can be of direct help in building models.

Formulation of a Structure for the Paracrystalline Form

The X-ray pattern of structure B is dominated by a very strong
reflexion on the meridian at a spacing of 3:4 A (Wilkins et al. 1953;
Franklin & Gosling 1953a). This distance, as first pointed out by
Astbury, corresponds to the thickness of a purine or pyrimidine base,
and suggests that the nucleotide bases on a given chain are arranged
at right angles to the fibre axis and spaced 34 A above each other.
The idea that the bases are roughly perpendicular to the fibre axis is

3. We should mention that on several Our postulation of a helical structure
occasions Dr. Wilkins in personal con- was, however, the consequence of the
versation indicated that the paracrystal- above reasons, and we feel independent

line X-ray pattern had helical features. of Dr. Wilkins’s suggestion.
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supported qualitatively by the ultra-violet dichroism (Wilkins,
Gosling & Seeds, 1951).

It is difficult to imagine any other arrangement producing such a
strong reflexion. This reflexion corresponds to a spacing approxi-
mately twice that of the covalent bonds present in DNA, and so most
probably arises from a regular arrangement of internucleotide van
de‘r Waals contacts. It is worth noting why this reflexion cannot
arise from a staggered arrangement of chains containing successive
nucleotides spaced 6:8 A above each other. This distance is approxi-
mately the internucleotide length of an extended polynucleotide
chain, and if present in DNA should result in reversibly inextensible
fibres. Now, Wilkins et al. (1951) have reported that DNA fibres
can be reversibly stretched by a factor 1°5, and so the fibre axis per
nucleotide must be considerably less than the fully extended internu-
gleotide length. We thus have little doubt that the fibre axis transla-
tlpn per nucleotide is 3'4 A, and (assuming equivalence) that a
given polynucleotide chain contains 10 nucleotide residues per 34 A
fibre axis repeat.

It is difficult, nevertheless, to account for the rather high density
v(Astbury 1947) of DNA on the basis of a helical structure contain-
ing but 10 nucleotides within the unit cell. In fact, density consider-
a'tlon suggests the presence of a structure containing two to three
times as many residues.

The most plausible way to explain this is to assume that the DNA
molecule contains several polynucleotide chains and that they are
helically coiled about a common axis. Density considerations imme-
diately rule out the presence of more than three chains, and so we
are left to decide between two or three chains. At first sight it
appears that three chains is the correct answer, as the density of
DNA is generally reported (Astbury 1947) as about 165 g cm,
a value corresponding to approximately 30 nucleotides within a cyl-
inder of radius 10 A and height 34 A. We must remember, however,
that the density measurements are generally reported from dry spec-
imens (from which only very disordered X-ray patterns can be
obtained; Wilkins, personal communication) and that as yet we do
not know the effective density of the paracrystalline form.

The density of structure A4, however, has been measured by
Franklin & Gosling (1953¢), and indicates the presence of approxi-
mately 24 nucleotides per lattice point, a value which superficially is
incompatible with either two or with three chains. This incompati-
bility disappears, however, when we consider that the translation
from structure B to structure A4 is accompanied by a visual shorten-
ing of the fibre by roughly 30% (Franklin & Gosling 1953a). The
longitudinal component is thus no longer 34 A but 3:4 A X 070 =
2*4 A. The unit cell of structure A4, therefore, contains two poly-
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nucleotide chains each of which contains about 12 nucleotides per
fibre axis repeat, since 2:4 X 12 == 28. As the transformation from
A to B is readily reversible, it seems most improbable that the
chains would be grouped in threes in structure B, and we believe
that in this form also the fundamental structural unit contains two
helically arranged polynucleotide chains.

It is necessary to decide what part of the nucleotide to place in
the centre of the helix. Initially, it seemed reasonable to believe that
the basic structural arrangement would be dictated by packing con-
sideration at the centre and that the core would contain atomic
groups common to all the nucleotides. Our first attempts, therefore,
involved possible models with the phosphate groups in the centre,
the sugar groups further out and with the bases on the outside (the
alternative arrangement of placing the sugar in the centre, is very
improbable due to the irregular shape of the deoxyribofuranose
group.)

Now the phosphate group carries a negative charge which is neu-
tralized by the presence of a Na+ jon. We thought it possible that
this electrostatic attraction might dominate the structure and that
the correct solution to DNA structure might fall out if we found a
satisfactory way of packing the charged groups. We decided
momentarily to ignore the sugar and base constituents and to build
up regular patterns of co-ordination for the Na+ and phosphate
groups. In particular, we tried arrangements in which both of these
jons were at the same distance from the fibre axis. No difficulty was
found in obtaining repeat distances of 3:4 A in the fibre direction as
long as we considered only the charged groups. When, however, we
attempted the next step of joining up the phosphate groups with the
sugar groups we ran into difficulty. The phosphate groups tended to
be either too far apart for the sugars to reach between them, or to
be so close together that the sugars would fit in only by grossly vio-
lating van der Waals contacts. At first this seemed surprising, as the
sugar-phosphate backbone contains, per residue, five single bonds,
about all of which free rotation is possible. It might be thought that
such a backbone would be very flexible and compliant. On the con-
trary, we came to realize that because of the awkward shape of the
sugar, there are relatively few configurations which the backbone
can assume. It therefore seemed that our initial approach would lead
nowhere and that we should give up our attempt to place the phos-
phate groups in the centre. Instead, we believe it most likely that the
bases form the central core and that the regular sugar-phosphate
backbone forms the circumference.

Before building models of this type, it is necessary to know the
approximate radius at which to place the backbone. As mentioned
before, both the crystalline and paracrystalline forms give equatorial
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‘reﬂexions corresponding to sideways spacings of 22 to 24 A (Wilk-
ins et al. 1953; Franklin & Gosling 19534), and so it seems very
!1kely that both have effective radii of approximately 10 A. This
imposes a severe restriction on the types of models, for the polynu-
c]eotlde chain has a2 maximum length. The distance between succes-
sive phosphorus atoms in a fully extended chain is only about 7 A,
and so the maximum length of the ten nucleotide repetitive unit is
but 70 A. This is almost exactly the length of one repeat of a helical
chain of radius 10 A and pitch 34 A, and so we can immediately
c.onclude that the polynucleotide chain can have at most one revolu-
thl’l‘ per fibre axis repeat. If the DNA molecule contained only one
chain we could be more definite and conclude that the X-ray evi-
de.nce demands one turn in 34 A. As the molecule, however, con-
ta.ms two chains, the possibility remains that they are related by a
diad parallel to the fibre axis and that each chain makes only half a
revolution in 34 A.

These possibilities can be differentiated by building models. We
find thfzt we can build models of one chain with a rotation of
approximately 40° per residue but that it is difficult, if not impossi-
ble, with a rotation of only 20°. The van der Waals contacts in this
latter case are much too close, and it appears probable that no struc-
ture of t'his type can exist. It, therefore, seems probable that each
c'ham is in a nearly fully extended condition and makes one revolu-
tion every 34 A. It should be noted that this argument rules out the
possibility that the two intertwined chains are related by a diad par-
allel to the fibre axis, for if true, the fibre axis repeat would be
halved to 17 A.

It seems most likely that the two chains will be held together by
hydrogen bonds between the bases. Both the purine and pyrimidine
bases can form hydrogen bonds at several places on their periphery,
and such instability would result from their absence that we may be
confident of their presence. These bonds are strongly directional in
character and can form only in the plane of the bases. They cannot
b.e formed, however, between bases belonging to the same chain,
since successive bases are located approximately on top of each
other, and if we would draw a vector joining their centres, it would
lie almost perpendicular to the plane in which they can form hydro-
gen bonds. Instead, we may expect the hydrogen bonds to be
formed between bases belonging to the opposing chains and in doing
s0 to unite the bases in pairs. This can be done in a regular manner
orfly if we always join a purine with a pyrimidine. This is accom-
plished more suitably by forming two hydrogen bonds per pair; one
frorp purine position 1 to pyrimidine position 1, the other from
purine position 6 to pyrimidine position 6.

We should note the reason why the two chains cannot be linked
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together by two purines or by two pyrimidines. It arises from our
postulate that each of the sugar-phosphate backbone chains is in the
form of a regular helix. This implies that the glycosidic bonds (the
link between the sugar and the base) always occur in identical ori-
entation with regard to the helical axis. The two glycosidic bonds of
a pair will therefore be fixed in space and have a constant distance
between them. This distance, however, is different for each of the
three possible types of pairs, purine with purine, pyrimidine with
pyrimidine and purine with pyrimidine. The only way, therefore, to
keep this distance fixed and to insert both types of bases into the
structure is to restrict the pairing to the mixed variety.

We believe that the bases will most likely be present in the tauto-
meric forms shown in figure 2, and so in general only specific pairs
of bases will bond together. These pairs are adenine with thymine
(figure 3), and guanine with cytosine (figure 4). When 5-methyl
cytosine is present it should also pair with guanine as the methyl
group is located on the side opposite to that involved in the pairing
process. For similar reasons, 5-hydroxy-methyl-cytosine should like-
wise pair with guanine. It is easy to see why the other types of pairs
will not occur. If, for instance, adenine is paired with cytosine, there
are two hydrogen atoms between the amino nitrogens and none
between the two ring nitrogens. For similar reasons guanine cannot
be paired with thymine.

When models employing this pairing arrangement are built, sev-
eral additional structural features become apparent. In the first
place, we find by trial that the model can only be built in the right-
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Ficure 2. The formulae of the four common bases of DNA,
showing the tautomeric forms assumed.
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handed* sense. Left-handed helices can be constructed only by vio-
lating the permissible van der Waals contacts. Secondly, in order to
maintain the equivalence of the sugar and phosphate groups it is
necessary to have the two chains (but not the bases) related by a
diad perpendicular to the fibre axis. This is possible because the two
gl‘ycosidic bonds of a purine-pyrimidine pair are not only the same
distance apart in both of our chosen pairs, but are found to be
related to each other by a diad, and can thus be fitted into the struc-
ture either way round (see figures 3 and 4). It is this feature which
allows all four bases to occur on both chains. The insertion of the
perpendicular diad requires the chains to run in opposite directions
(a chain has a direction determined by the sequence of the atoms in
it) anq places the sugar-phosphate backbone of each chain in identi-
cal orientations with regard to the purine and pyrimidine side
groups.

The structure can be built with any sequence of bases on a given
.cham. We should note, however, that the postulate of specific pairs
Introduces a definite relationship between the sequence of bases on
the opposing chains. For instance, if on one chain we find at some
point the sequence adenine, cytosine, thymine and adenine, then the
corresponding sequence on the other chain must be thymine,

Oaxis

adenine

Fioure 3. The pairing of adenine and guanine. Hydrogen bonds t-;re shown dotted. One
carbon atom of each sugar is shown. The arrow represents the crystallographic diad.

4. The Fischer convention has recently been shown to be correct (Bij
& van Bomoel (9815, & ct (Bijvoet, Peerdeman
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guanine, adenine and thymine. The two chains thus bear a comple-
mentary relationship to each other. .

The structure appears to satisfy all of the requirements which we
initially postulated for the DNA molecule. The arrangement of the
sugar-phosphate backbone which occupies the outer regions of the
molecule is extremely regular, and it is possible to imagine it form-
ing a crystalline pattern with neighbouring molecules. On tl}e other
hand, it permits an irregular sequence of nucleotides to exist on a
given chain and thus allows for a large variety of DNA mole'cules.
This fusion of regular and irregular features is achieved admittedly
only at the expense of the additional restrictive postulate of cqmple-
mentary chains. The necessity for this postulate might be COns@ered
a severe, if not fatal objection to our structure, but as mentioned
later, it is strongly supported by the recent analytical data.

Detailed Configuration of the Double Helix

We shall refer first to the specific pairs of bases. Adenine al.'ld thy-
mine are shown paired in figure 3, while guanine and cytosine are
shown paired in figure 4. These drawings are to scale and have been
constructed as far as possible by utilizing bond angles and bond
lengths which have been reported to occur in these compound§. The
crystal structures of both adenine and guanine have been studied by
Broomhead (1948, 1951), while the structure of cytosine is known

Oaxis

guanine cytosine

Figure 4. The pairing of guanine and cytosine. Hydrogen bonds are shown doptevj_;)dOne
carbon atom of each sugar is shown. The arrow represents the crystallographic diad.
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through Furberg’s (1950) analysis of the crystal structure of cyti-
dine. More recently Broomhead's data on adenine have been
refined by Cochran (1951) and the atomic parameters of this com-
pound are now accurate to within 0°02 A.

As yet, no determination has been made of the structure of thy-
mine, but it seems unlikely that its ring configuration will differ
markedly from cytosine. Any deviations which might occur would
have only a negligible effect on the pairing configuration, and we
have utilized the idealized thymine configuration of figure 3. We
also lack information about the exact angles at the B-glycosidic
bond. There is no reason, however, to believe that they should differ
significantly from those in cytidine or in the cyclic adenosine
nucleoside studied by Zussman (1953), and they likewise have been
assigned symmetrically.

The configuration of the adenine-thymine pair is stereochemically
most satisfactory. The direction of the vector from the amino nitro-
gen to the keto oxygen lies exactly in the NH direction, as does the
vector from the purine nitrogen atom 1 to the pyrimidine nitrogen
atom 1. Both of the hydrogen bonds should therefore be of maxi-
mum stability (Donohue 1952). In addition, the two glycosidic
bonds of the pair are related by a diad to within 1°, which is less
than the accuracy to which the configuration of the bases is known.
The distance apart of the C,. carbon atoms of the two sugars is close
to ITA.

There is more ambiguity about the guanine-cytosine pair. This
arises largely from doubt about the exact structure of guanine
(Broomhead 1951). In particular, we are doubtful about the exact
position of the keto oxygen atom. In figure 4 we have used the pub-
lished position, and this makes the relative positions of the glyco-
sidic bonds different from the adenine-thymine pair by about 2°.
This difference would be negligible if the guanine keto oxygen was
symmetrically placed. It is also uncertain as to whether this pair
might form a third hydrogen bond between the amino group of
guanine and the keto oxygen of cytosine. This point is unlikely to be
settled until the configurations of both these bases are known to a
greater accuracy. It seems clear, nevertheless, that these uncertain-
ties are only of second-order importance, and that for all practical
considerations the two pairs should be considered structurally equiv-
alent.

The phosphate-sugar backbones were constructed utilizing a sugar
configuration reported for ribose by Furberg (1950). A similar con-
figuration for a pentose ring has also been reported by Beevers &
Cochran (1947) in the fructofuranoside ring of sucrose. It seems
probable that the furanose ring is puckered, and we have tentatively
placed the C; atom out of the ring in such a direction that its
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oxygen atom Og. is brought closer to the common plane. A tetra-
hedral arrangement has been assumed for the bond angles around
the phosphorus atom. The bond lengths about the phosphorus have
been assigned unsymmetrically following the suggestion of Pauling
& Corey (1953), the two P—O bonds in the backbone have lengths
of 1°65 A while the remaining non ester P—O bonds are thought to
have the shorter length of 1°45 A. As a result of Furberg’s analysis
of cytidine (1950) there seems little doubt that the glycosidic bond
is a single bond. We can thus be sure that the sugar group instead of
being coplanar with the nitrogen base, as postulated by Astbury
(1947), is more nearly perpendicular to it.

The paired bases are arranged so as to be approximately perpen-

Ficure 5. FicUre 6.
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dicular to the fibre axis. This places the glycosidic bonds in a similar
arrangement, while the puckered plane of the sugar ring assumes a
position nearly parallel to the fibre axis. Each backbone chain com-
pletes one revolution after 10 residues in 34 A, and so the rotation
per residue is 36°. The phosphorus atoms are at radii of 10 A, and
the backbone has a configuration roughly similar to that described
by Furberg (1952) in his paper dealing with suitable configurations
for single helically arranged polynucleotide chains.

General views of the structure are shown in the photographs
of figures 5 and 6, which illustrate the salient features of a
scale model. The drawings in figures 7 and 8 are given to demon-
strate more accurately the exact configuration of the backbone.
Figure 7 shows two successive residues on the same chain projected
on to a plane perpendicular to the fibre axis, while in figure 8 is
shown a projection of a sugar-phosphate residue on to a plane
whose normal is perpendicular to the fibre axis. It can be seen that
the atoms forming the sequence C,—C;—O0;—P—O0, all lie in
such a plane; co-ordinates of the principal backbone atoms are given
to 0’05 A in table 1. No attempt has been made to place the

Oaxis

FiGure 5. Photograph of a rough scale model of the structure. The chemical bonds in the
phosphate sugar backbone are represented by wire. (All the hydrogen atoms and the
two oxygen atoms of the phosphate group not in ester linkage have been omitted.)
The pairs of bases are represented by metal plates. The fibre axis is represented by a
Perspex rod.

Frcure 7. »A proje{ction of two successive residues of one chain of the structure. The direction
of projection is parallel to the fibre axis. The figures show the height of each atom (in
angstréms) above the level of the lower base.

F1cURE 6. Another view of the model shown in figure 5. The white plates represent the area
between the bases in which hydrogen bonding takes place.
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sodium ion or the water molecules, though it is possible that some
of these groups are located in relatively constant positions. _

Because the two backbones are related by a diad, the distance
between their effective ‘centers of gravity’ is much greater than
might be imagined from the location of glycosidic bonds. Instead of
being separated by only % of the fibre axis repeat (the angle of the
pair of glycosidic bonds is close to 90°), they are separat'ed by
approximately % of the 34 A repeat. In contrast to .the outside of
the molecule, the centre tends to give the impression of a one-
stranded helix. This is a consequence of the intimate pairing of the
bases.

plane of base

0 54
| ! f | |

FlourE 8. A projection of one residue in a direction perpendicular to both the fibre axis
and to the plane containing the atoms Cq—Cg—05—P—0y-.

TABLE 1.

Co-ordinates for the atoms of the backbone, for a single residue
atom p (A4) ¢ Z (A)
P 10°0 0°0° 0'0
O: 895 — 3+6° 408
O 1125 + 07° 408
O 9°65 4 89° —05
Ow 10°35 — 53° —13
Cs 9°6 —222° —2°8
Cy 965 —13°2° —3-2
Cy 9°2 - 73° —2°05
C, 8+65 4 0°4° —2+8
Cy 82 — 3'5° —4°15
(oJ9 8-8 —711°8° —4°35
N 67 — 42° —4°15
diad — +4-39+0° —4°15
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Each of the van der Waals contacts appears to be acceptable.
They are five relatively short contacts between the phosphate oxygen
atoms and hydrogen atoms. None, however, is less than 25 A, a
quite acceptable length for side-by-side contacts. The position of the
plane of the bases with respect to the sugar does not appear to be
the optimum, but it is nevertheless within the range stated by Fur-
berg as possible. Another short contact is found between the hydro-
gen atoms attached to the Cy and C;. atoms of the sugar. This con-
tact, however, is also side by side, and so the postulated length (2°1
A) appears permissible. The stagger of hydrogen atoms between the
C4—C;. bond is not optimal, but the deviation is only 25° and so
allowable.

We can therefore conclude that the model is stereochemically fea-
sible. Nevertheless, it is certainly not ideal, and it is possible that it
could be improved by slightly altering the assumptions made about
the configuration of the phosphorus atoms, especially its bond
lengths, and by altering the configuration of the sugar. We have
assumed that the puckering of the sugar ring is achieved by throwing
the C;. atom out of the plane of the ring; a better model might
result by choosing a different shape. Alternatively, it may be that an
attraction between the rings of the bases is pulling the backbone out
of its potential minimum.

The Crystalline Form

The transition to the crystalline form is accompanied by a
decrease in water content (Franklin & Gosling 19534), and it seems
very probable that this form exists in a more tightly packed condi-
tion than the paracrystalline form. It is thus not surprising to
observe that the change to the crystalline state is characterized by a
visual shortening of the fibre length of about 30% (Franklin &
Gosling 1953a). There is little if any change in the diameter of the
fibre, and so it seems likely that the fibre axis translation per nucleo-
tide is reduced from 3+4 to approximately 2-5 A. This conclusion
might appear difficult to believe, as the van der Waals separation of
the rings of the bases must remain the same and thus might
appear to oppose a fibre shortening, but in fact the vertical transla-
tion can be reduced if the paired bases are tilted anti-clockwise
(when viewed from the fibre axis).

The manner in which this might occur is shown in figure 9. It can
be seen that shortening will only take place if successive pairs of
bases are not stacked directly on top of one another, but are dis-
placed to one side. In fact, if the bases are not displaced, tilting will
result in an increase of the fibre-axis translation. Of course, in our
structure the successive pairs are displaced helically, not simply side-
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" O———— s o—x—
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Ficure 9. To show that if the bases are staggered, tilting will reduce the translation in the

axis direction (represented by a dotted arrow). The solid arrow represents the per-
pendicular distance between the bases, which remains constant. a and b, not staggered;
¢ and d, staggered; a and ¢, before tilting; b and d, after tilting.

ways as in figure 9, but this in no way destroys the general argu-
ment. )

We should note that the hydrogen bonding arrangement remains
unchanged by the tilting, as both members of a pair are similarly
rotated about the perpendicular diad between the bases. This would
not be so if the bases were instead related by a diad parallel to the
fibre axis. In this latter case, the configuration of the backbone
could be made equivalent only by tilting the two members of a pair
in opposite directions and thus by effectively destroying th'e hydro-
gen bonds. Thus, if tilting is shown to occur in the crystalline state,
we should have strong reasons for believing that the backbones are
related by perpendicular diads.

We have not attempted to construct a detailed model with tilted
bases, as we feel that this could be done more suitably in conjunc-
tion with the detailed X-ray evidence. Nevertheless, for the reasons
outlined above, we believe that such a model can be built and that
it will involve the same basic structural features proposed here for
the paracrystalline form.

Discussion

Our structure bears only superficial resemblances to the majqrity
of structures previously suggested. Most of these earlier formations
(Astbury 1947; Furberg 1952) have involved single stranded struc-
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tures and must be rejected on the basis of the density considerations
outline in the beginning of this paper. The only muiti-stranded
structure which previously has been seriously proposed is that of
Pauling & Corey, who very kindly sent their manuscript to us prior
to its publication. Their structure involved three intertwined helical
chains in which the core of the molecule was formed by phosphate
groups. Their proposal was submitted without knowledge of the
work at King’s College, London, by Wilkins and Franklin and their
co-workers, and appears in the light of their experimental resuits to
be untenable. The main objection to their proposal involves the
number of chains. As indicated earlier the density of the crystalline
form (Franklin & Gosling 1953¢) strongly suggests the presence of
two chains, and we find it difficult to imagine that any three-chained
proposal can be made which will fit the experimental evidence.

The structure accounts in a nice way for the analytical data on
the composition of DNA. By requiring specific pairing of purine
and pyrimidine groups, it provides for the first time a suitable
explanation for the recent chemical data (Chargaff 1951; Wyatt
1952; Chargafl, Crampton & Lipschitz 1953), which indicated not
only a molar equivalence of the purines and pyrimidines, but also
the molar equivalence of adenine and thymine, and of guanine and
cytosine. The ratio of adenine to guanine varies greatly in DNA’s
from different sources, and it is difficult to imagine a structural
explanation for the equivalence of adenine with thymine and of
guanine with cytosine which does not involve specific pairing.

As far as we can tell our structure is compatible with the X-ray
evidence of Wilkins and Franklin and their co-workers (Wilkins et
al. 1953; Franklin & Gosling 19534). In a preliminary report on
their work, they have independently suggested that the basic struc-
ture of the paracrystalline form is helical and contains two inter-
twined chains. They also suggest that the sugar-phosphate backbone
forms the outside of the helix and that each chain repeats itself after
one revolution in 34 A.5 Nevertheless, these crystallographic con-
clusions are tentative, and the structure can in no sense be consid-
ered proved until a satisfactory solution to the structure of the crys-
talline form is obtained.

In conclusion, we may mention that the complementary relation-
ship between the two chains is very likely related to the biological
role of DNA. It is generally assumed that DNA is a genetic sub-
stance and in some way possesses the capacity for self-duplication.
It seems to us that the presence of a complementary structure

5. More recently, Franklin & Gosling suggest that the diameter of our model
(1953b) have suggested that the X-ray is a little too large. Note added in

data for the crystalline form also sup-
ports a structure of this general type.
They also mention that the equatorial
reflexions for the paracrystalline form

proof: Wilkins, Seeds, Stokes & Wilson
(1953) have also presented X-ray evi-
dence for the crystalline form being a
pair of helices,
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strongly suggests that the self-duplicating process will be found to
involve the alternative formation of complementary chains, and that
each chain will be found capable of serving as a template for the
formation of its complement. A fuller exposition of these latter
ideas is given elsewhere (Watson & Crick 1953 b,c).

We are most indebted to Dr. M. H. F. Wilkins both for informing
us of unpublished experimental observations and for the benefit of
numerous discussions. We are also grateful to Dr. J. Donohue for
constant advice on the problems of tautomerism and van der Waals
contacts, and to Professor A. R. Todd, F.R.S., for advice on chemi-
cal matters, and for allowing us access to unpublished work.

One of us (J.D.W.) wishes in addition to acknowledge the very
kind hospitality provided during his stay at the Cavendish Labora-
tory by Sir Lawrence Bragg, F.R.S., and by the members of the
Medical Research Council Unit located there. Hs is especially
grateful to the encouragement provided by Dr. J. C. Kendrew and
Dr. M. F. Perutz. In conclusion he would like to mention Professor
S. E. Luria of the University of Illinois to whom he is indebted for
both the opportunity to come to and to remain in Cambridge.
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