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The double helix

Sydney Brenner

A brief note published in the middle of the last century described a possible structure
of DNA: it included a throwaway comment that the structure suggested how DNA
could be copied, and so could act as heritable genetic material. The proposal did
not meet with instant acceptance, except among a small group of enthusiasts. But
its explanatory power was quickly tested and extended, and the structure has as-
sumed iconic status in both biology and the wider world.

J. D. Watson and F. H. C. Crick’s paper,' “A structure for deoxyribose nucleic
acid,” published on 25 April 1953, ushered in the modern era of biology. The
little figure it included, showing the double-helical structure, has become a
symbol of that era and an icon of our time (Fig. 6.1). Today, when DNA,
genes, and genetics are on everybody’s lips, it is hard to believe that there
was a time when many viewed DNA as an inert polymer that was unlikely
to have anything to do with heredity.

In the early 1950s, Watson and Crick were at a Medical Research Council
unit in the Cavendish Laboratory of Cambridge University. | was working at
Oxford University then, and vividly remember the day in early April 1953
when | and others went over to Cambridge to see the Watson-Crick model
of DNA. | found it a revelation, and immediately knew what direction |
wanted to follow in science. But when the paper appeared later that month,
it by no means received universal acclaim. The scientific establishment of
the time consisted largely of biochemists who were preoccupied with the
transformation of energy and matter in biological systems, and they failed
to see how the structure would revolutionize the study of biological informa-
tion. But that it did. It revealed the basis on which genetic material is passed
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Fig. 6.1. An icon of our time: the double-helical structure of DNA as portrayed on the cover
of Nature of 15 February 2001. This issue* contained milestone papers from the Human Genome
Project announcing a draft DNA sequence of the entire human genome. Simultaneously, a draft
sequence produced by a company, Celera Genomics, appeared in Science.® The “rungs” on the
double-helical ladder are pairs of the four molecules (adenine, thymine, guanine, and cytosine)
known as bases, while the strands that constitute the outside of the ladder are chains composed
of sugar and phosphate. (The image, by Eric Lander, was created by Runaway Technology Inc.
using PhotoMosaic by Robert Silvers from artwork by Darryl Leja. Reproduced courtesy of the
Whitehead Institute)

from one generation to the next, and it showed the principle behind the
genetic code through which proteins are built from a DNA blueprint.
Although most of modern biology stems from this brief paper, there is
also a long prehistory of thought in the subject that we now know as genet-
ics. It begins in the 1850s and 1860s with the famous pea-breeding experi-
ments of Gregor Mendel, a monk tiving in what is now the Czech Republic.
His results were published in an obscure journal, and only in 1900 were
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they rediscovered and their significance recognized. Put simply, Mendel pos-
tulated that there were internal factors that specified external characters;
and that to identify a factor specifying a normal or “wild-type” character in
an organism, one had to find an example of that organism displaying a
variant character. Today the factors are called genes. The characters are the
phenotype, an organism’s observable characteristics. And a variant charac-
ter is a mutant phenotype, which results from the action of a mutant rather
than wild-type form of a gene.

Following the rediscovery of Mendel's work, genetics flourished largely
through work on the fruit fly, Drosophila melanogaster. This tiny insect is
easily bred in large numbers and has large numbers of mutants (in eye
color, for instance, among many other characteristics). The pioneer was
Thomas Hunt Morgan, who spent most of his career at Columbia University.
As a frustrated embryologist, he had entered the new field of genetics around
the turn of the century in the hope that knowledge about genes would throw
light on the then intractable problems of developmental biology.

Morgan’s research was largely responsible for revealing the relationship
between Mendel’s findings and genes and chromosomes (of which the fruit
fly has four pairs; we have twenty-three pairs). Most phenotypic characters
are inherited independently of each other, but some are “linked”: that is,
they tend to be inherited together, implying that they occur on the same
chromosome. Linkage can be broken, because pairs of chromosomes can
swap segments in a process known as recombination. The closer genes are
to each other on a chromosome, the stronger the linkage, and the more
likely they or their mutant forms are to be inherited together. In conse-
quence, from the breeding and “gene-mapping” work in Drosophila, analyz-
ing patterns of inheritance of mutant phenotypes, Morgan could assign a
physical reality to the gene as part of a chromosome and with a defined
location on that chromosome.

Meanwhile, research on enzymes was developing in the new field of bio-
chemistry. Enzymes are proteins that catalyze chemical transformations in
a cell. Their chemical and physical constitution were to remain enigmas for
some time. But in 1909 a British physician, Archibald Garrod, proposed a
connection between genes and enzymes: he observed that certain inherited
diseases reflected a patient’'s production of malfunctioning enzymes (he
called these “inborn errors of metabolism”). In the 1940s this line of think-
ing culminated in the research of G. W. Beadle and E. L. Tatum in the United
States, who investigated nutritional deficiencies due to mutant enzymes in
the bread mold Neurospora. From the results Beadle formulated the “one
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gene, one enzyme” principle, which holds that a single gene specifies a
single enzyme.

As early as the last years of the nineteenth century, E. B. Wilson had
stated in a book that DNA (which he called “chromonucleic acid”) was the
physical carrier of heredity. And in 1944, in what at least in retrospect were
highly convincing experiments, Oswald Avery and colleagues showed that
a heritable alteration to one strain of the bacterium Pneumococcus could be
caused by adding an extract of a second strain to the growth medium of
the first. They identified the active material in the extracts as DNA. Nonethe-
less, as the 1950s dawned, most people still believed that proteins would
have to have the leading role in copying genes: only proteins seemed to
have the required chemical specificity.

Thus was the stage set. Genetics had arrived at the conclusion that the
gene was the fundamental unit of heredity, indivisible like the atom of early
physics. Biochemistry had shown that the work of cells was performed by
enzymes, specialized proteins of elaborate but unknown structures, per-
forming all the various steps of biosynthesis and energy metabolism. Each
enzyme was specified by a gene, but no enzymes seemed to be concerned
with specifying genes. DNA was a candidate as the genetic material, but by
no means was this widely accepted.

When Watson and Crick’s paper' appeared, it was not at all immediately
evident that it provided an answer to any of the problems of genetics con-
fronting us at that time. The structure was described and the notion of the
specificity of the base pairs stated: the authors proposed that the four types
of molecule (bases) of which DNA was known to be composed—adenine,
thymine, guanine, and cytosine—could pair off only as A-T and G~C. How-
ever, the only comment about the structure’s potential biological signifi-
cance was contained in the famous sentence: “It has not escaped our notice
that the specific pairing we have postulated immediately suggests a possible
copying mechanism for the genetic material.”

In an article? marking the twenty-first anniversary of the paper’s appear-
ance, we learn from Francis Crick that the sentence was inserted as a com-
promise between the two authors. Crick was keen to discuss the genetic
implications.

Watson [writes Crick]’ was against it. He suffered from periodic fears that the struc-
ture might be wrong and that he had made an ass of himself. | 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, assuming we had been too blind to

see it.
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| was an early convert: my own memory of having seen the structure earlier
in Cambridge is that it was certain to be right, explaining as it did instantly
to me the central puzzle of genetics. But it didn’t take the authors them-
selves long to present their argument in more detail, for a second paper®
appeared on 30 May 1953 which spelled out the biological implications. In
it Watson and Crick give more detail about “complementary replication”—
how the invariable pairing of A with T and C with G (fig. 6.2) could lead to
reconstruction of a double helix from the information contained in one
strand only. They explain how mutations could occur through one base be-
ing substituted for another. And they mention that “it . . . seems likely that
the precise sequence of the bases is the code which carries the genetical
information.” This generated the whole field of study of the genetic code.

Before these possibilities registered with most scientists, the proposed
structure of DNA had to be combined with two other pieces of research to
result in the birth of modern biology. The first, which preceded the double
helix, was Frederick Sanger's work in Cambridge on the structure of the
protein insulin. Sanger showed that proteins have a precise chemical struc-
ture as defined by the sequence of amino acids linked in a chain. As became
evident in later work on the genetic code in which 1 was involved, the se-
quence of bases in the DNA specifies the sequence of amino acids in a
protein via an intermediate molecule, messenger RNA.

The second piece of research was Seymour Benzer’s subsequent investi-
gations on the fine structure of the gene. Benzer was at Purdue University,
working with bacteriophages—uviruses that infect bacteria. He isolated hun-
dreds of mutants of a gene; by using techniques to detect viruses that were
the result of genetic recombination, he was able to resolve and map mutant
phenotypes onto many different sites on a DNA sequence and show that
they corresponded to distances between the base pairs in the DNA struc-
ture. This destroyed the classical, bead-on-a-string notion of genes as indi-
visible units of function, mutation, and recombination. It was replaced by
the concept of the gene as a stretch of DNA, with hundreds of possible
mutational states caused by alterations of single base pairs.

Today we no longer have to study genes indirectly through their effects
on the phenotypes of organisms, but can use the technologies of DNA clon-
ing and sequencing to characterize genes directly. Today the genetic code
is no longer a daring speculation, but a working tool that allows us to derive
the sequences of amino acids in a protein from the DNA sequence of the
gene encoding it. Today we know in great detail the molecular machinery
that copies DNA, repairs it and expresses it.

It all started with this little paper of Watson and Crick.! The fusion of
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Fig. 6.2. The greater detail about
DNA structure and base-pairing that
followed in Watson and Crick’s
second paper,’ of 30 May 1953. These
diagrams are facsimiles of the origi-
nals. a, The chemical formula of a
pair of DNA strands, with sugar-
phosphate chains and bases
attached to the chains. Forces
known as hydrogen bonds (dotted
lines) connect each pair of bases
and so the two strands of the double
helix. b, The pairing of adenine with
thymine, and c, that of guanine with
cytosine. Watson and Crick’s most
telling insight' was how, because A
always pairs with T and G with C, the
double helix can be re-created from
a single strand—that is, how the ge-
netic material can be copied.

genetics and biochemistry was then already under way. But the structure of

DNA greatly intensified the process, which resulted in the creation of molec-

ular biology and the tools to study the chemistry of information in biological
systems. The route to the double helix was strewn with Nobel Prizes (see
Further reading). And in 1962 Watson and Crick, along with Maurice Wilkins
for his analysis of DNA structure using the X-ray technique, received the
prize in physiology or medicine. The fiftieth anniversary of the structure’s

publication was widely celebrated in 2003 with various events and publica-

tions.®

Watson and Crick, of course, are among those rare scientists whose
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names are known to the general public. Watson has been director, then
president, of Cold Spring Harbor Laboratory, New York, and was a prime
mover behind the Human Genome Project. In recent years Crick has been
at the Salk Institute in California, his interests centering on neurobiology
and the problem of consciousness.

Let Crick have the last word on the double helix. Here he is again, in his
1974 article,? responding to the argument that a scientific discovery is akin
to a work of art, and style is as important as content:

Rather than believe that Watson and Crick made the DNA structure, | would rather
stress that the structure made Watson and Crick. After all, | was almost totally un-
known at the time and Watson was regarded, in most circles, as too bright to be
really sound. But what | 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.
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