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‘The chemical nature of the genes is unknown. They are
probably proteins, because the nucleic acids consist of (few)
blocks of tetranucleotides (Levene, 1930). This simple struc-
ture makes them unlikely candidates as carriers of the large
information needed to act as genes.’ This view ^strange as it
may seem today ^ was shared by most biologists when I was
preparing my exam in biology at the medical school in 1946.
In a series of classical papers from 1906 on, Levene’s group

and others had identi¢ed D-ribose and 2-deoxy-D-ribose as the
sugars occurring in RNA and in DNA, respectively. They had
also identi¢ed the purines and pyrimidines, localized the phos-
phodiester link between the sugars, and classi¢ed the linkage
with the bases as glycosidic. Levene’s work culminated in the
suggestion of a tetranucleotide structure for both RNA and
DNA, i.e. that the nucleic acids are composed of an (un-
known) number of building blocks, the tetranucleotides,
each consisting of four sugars, four phosphates and one
each of the four bases. In his words, ‘the tetranucleotide
theory is the minimum molecular weight and the nucleic
acid may as well be a multiple of it’ (Levene and Bass,
1931, p. 289 [8]). Curiously, the analytical data did not indi-
cate equal ratios among the four bases (e.g. 1:0.6:1.2:0.8); the
deviation from l:l :l :l ratios was attributed to the lack of pre-
cision of the precipitation procedures used to isolate the in-
dividual bases. The treacherous ‘beautiful simplicity’ of the
tetranucleotide structure and Levene’s authority e¡ectively
stopped the search for alternative structures for the nucleic
acids and, what is worse, proved to be an additional hurdle
to the (now ‘classical’) work of Avery, MacLeod and
McCarty (1944) [1] to rapidly and universally be accepted.
As most readers know, Avery et al. puri¢ed a very viscous

substance from Diplococcus pneumoniae, which transformed a
strain of bacteria into another with immunologically di¡erent
polysaccharide capsulae. The transformed strain was geneti-
cally stable. The highly viscous transforming factor, puri¢ed
by a very accurate and mild procedure, had the characteristics
of DNA: aside from the evidence from chemical analysis, it
was not a¡ected by ribonuclease, trypsin or chymotrypsin, but
was inactivated by (crude) DNase. (Four years later, this was
con¢rmed with use of crystallized DNase made available to
them by Kunitz.) Avery et al.’s results were soon con¢rmed by
other groups and extended to transformations in other bac-
teria. Leading geneticists had no di⁄culty in accepting the
idea that these transformations were due to the chemical iso-
lation and transfer of genes, and not to the induction of a
mutation. Avery et al.’s observations were indeed a boost to
bacterial genetics, a ¢eld then in its infancy.
Still, many ^ among them the authoritative Mirsky ^ for a

long time regarded Avery et al.’s evidence as insu⁄cient: the

transforming activity could still be attributed to a very minor
component in the DNA preparation. However, by 1952 active
preparations were obtained in which the protein content was
less than 0.02%. This, plus the work of Luria, Delbru«ck, and
others, on bacteriophages, especially the Hershey and Chase
experiment showing that bacteriophages injected their DNA
but not the protein coat into the bacteria they infected, gave
the ¢nal evidence that genes are indeed made of DNA. This
conclusion, therefore, threw serious doubts on the correctness
of Levene’s tetranucleotide structure of DNA.
In the late forties Charga¡ ^ working a few miles north of

Avery’s lab ^ correctly identi¢ed the weakest point in the
tetranucleotide structure: do the four bases really occur in
l:l :l :1 ratios in DNA and in RNA? To settle this decisive
point, Charga¡’s group worked out what had been lacking
until then: a quantitative procedure to measure the purine
and pyrimidine bases. Mild preparation procedures (compa-
rable to those of F. Miescher, E. Hammarsten, R. Signer, and
others), leading to highly viscous DNA; reliable acid hydro-
lysis, paper chromatography; elution of the ultraviolet light
(UV)-absorbing spots and their spectrophotometric determi-
nation made possible reliable, quantitative determinations of
the base composition of RNAs and DNAs. By 1950 and 1951
Charga¡ [2,3] could summarize extensive analytical data on
the base composition of DNAs from a number of organs (e.g.
thymus, liver, spleen), from human sperm, from yeast, and
from a variety of bacteria. In most DNAs the four ‘classical’
bases (adenine, guanine, cytosine and thymine) occurred in
ratios clearly di¡erent from 1:1:1:1 (Charga¡, 1950 [2]).
That was the end of Levene’s tetranucleotide structure.
Naturally, Charga¡ did not fail to realize the importance of

the newly discovered ratios among the purine and pyrimidine
bases in the DNAs: the A:T and G:C ratios were never sig-
ni¢cantly di¡erent from 1, whereas the A:G and the T:C
varied widely from DNA to DNA. Shortly thereafter Pauling
and Corey (1953) [11] suggested that the DNA is composed of
three polynucleotide chains coiled and intertwined into a he-
lix, with the phosphoryl groups closely packed about the axis
of the column, and the nitrogen bases projecting radially.
One can wonder why Charga¡ did not himself suggest a

structure for DNA incorporating in some way the remarkably
constant A:T and G:C ratios of 1 to 1. No doubt, he resented
that ‘strangers’ such as Watson and Crick were coming up
with a structure (1953) [15], which dangerously showed from
the beginning a likely chance of being right. I happen to have
been present at some unusual and remarkable verbal clashes
(‘Real research is done at the bench, not by playing about
with metal models’) ^ Charga¡’s in-depth command of the
English language and its sharp use came to the fore all too
often. But, in all fairness, since he had himself witnessed how
paralyzing a wrong structure (Levene’s) had been for the de-
velopment of the ¢eld during nearly two decades, one can

0014-5793 / 03 / $22.00 O 2003 Federation of European Biochemical Societies. Published by Elsevier Science B.V. All rights reserved.
doi:10.1016/S0014-5793(03)00471-X

E-mail address: semenza@bc.ciol.ethz.ch (G. Semenza).

FEBS 27274 21-5-03

FEBS 27274 FEBS Letters 544 (2003) 1^3

mailto:semenza@bc.ciol.ethz.ch


perhaps understand that Charga¡ disliked the idea of any
structure not arising ‘spontaneously’, almost per se, from
the raw data themselves.
There is no need for me to repeat here what has been

written on how Watson and Crick came to ‘A structure for
deoxyribose nucleic acid’ (the title of their one-page paper,
1953 [15]) ^ which was followed back to back by the two
papers from M.H.F. Wilkins et al. (1953) [17], and R.E.
Franklin and G.R. Gosling (1953) [5]. Few bioscientists
have not read Watson’s ‘The Double Helix’ (1968) [14], its
sequelae (see e.g. the latest by B. Maddox, 2002 [9]), and
what has been written or reported in a number of symposia,
meetings, even daily papers, but most outstandingly by Jud-
son (1996) [7].
There can be no doubt that Watson and Crick’s papers of

April of 1953 [15], and perhaps even more so that of May
(1953) [16] stand out in the bioscience of the 20th century as
much as Darwin’s ‘Origin of Species’ stood out in the bio-
science of the 19th century.
Like Darwin’s book, Watson and Crick’s papers produced

a major turn in biological thinking. Darwin did away with the
literal interpretation of the Bible insofar as it dealt with ap-
pearance and change of life on the earth, and also with in-
correct attempts to explain these changes. When Watson and
Crick presented their DNA double helix, Levene’s tetranu-
cleotide had been buried for some years, but Pauling and
Corey’s tri-helical structure was just being proposed (1953)
[11]. Curiously, the comparison between Darwin’s and Wat-
son and Crick’s publications extends to some of the circum-
stances under which their works were published. Without the
nearly identical ideas of a friendly competitor (Wallace) and
the encouragement of authoritative scientists, Darwin would
have probably hesitated a few more years before publishing
the Origin of Species. In Watson and Crick’s situation, Wal-
lace’s role was played by Wilkins, Franklin, and their asso-
ciates.
Naturally, in performances of this magnitude some details

may be found to be wanting ^ but it is the open vistas which
count. Sure, Watson and Crick’s original structure (1953) [15]
‘was built’ with only two hydrogen bonds between cytosine
and guanine (the third bond would be suggested by Pauling
and Corey three years later, in 1956 [12]). Also, Watson and
Crick did not consider the minor methylated or hydroxymeth-
ylated bases (which would be discovered shortly after), but the
extra group(s) do not interfere with the Watson^Crick base
pairing.
To Darwin’s strict survival of the ¢ttest the following de-

cades added additional concepts (see, e.g. [4,6] and others),
but the validity of le Hasard et la Ne¤ce¤ssite¤ has never been
questioned.
It was clear to Watson and Crick themselves that their

DNA double helix was opening a new era. In the April paper
(1953) [15] one of the last paragraphs is a classic example of
scienti¢c understatement: ‘It has not escaped our notice that
the speci¢c pairing we have postulated immediately suggests a
possible copying mechanism for the genetic material’. This is
the subject of a paper which Watson and Crick published a
month later (1953) [16] ; this second paper presented a number
of ‘speculations’, all of which subsequent years proved to be
remarkably true.
‘In a long molecule (of DNA) many di¡erent permutations

are possible, and it seems therefore likely that the precise se-

quence of the bases is the code which carries the genetic in-
formation. If the actual order of the bases of one of the pair
of chains were given, one could write down the exact order of
the bases in the other one, because of the speci¢c 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 reproduce itselfT’ The DNA is ‘in fact, a
pair of templates, each of which is complementary to the
other’. (Meselson and Stahl would elegantly show in 1958
this to be actually the case [10].) ‘We imagine that prior to
duplication the hydrogen bonds are broken, and the two
chains unwind and separate.’ The double helix is indeed a
beautiful example of how astute nature can be: the two poly-
nucleotide chains are kept together by the hydrogen bonds
between the base pairs, while the negative charges of the
phosphates would tend to pull them apart.
‘Our model suggestsT that spontaneous mutation may be

due to a base occasionally occurring in one of its less likely
tautomeric forms’ ^ again a suggestion which is now an es-
tablished fact.
‘Our structureT is an open one. There is room between the

pair of polynucleotide chains for a polypeptide chain to wind
around the same helical axis. It may be signi¢cant that the
distance between adjacent phosphorous atoms, 7.1 AT , is close
to the repeat of a fully extended polypeptide chain.’ Watson
and Crick stopped short of suggesting that proteins can inter-
act with the bases in intact double stranded DNA ^ as repres-
sors, transcription factors, or for DNA methylation, etc.
I have taken the liberty of quoting verbatim from Watson

and Crick’s prose because 50-year-old papers are seldom
available in our overcrowded libraries. More importantly,
their two 1953 papers have indicated at a very early stage
which direction molecular biology and biochemistry would
follow for a number of decades.
I am told that the day they had ¢nally worked out the

details of the DNA double helical structure, Watson and
Crick went to a pub near the Cavendish laboratory and an-
nounced: ‘Today we have discovered the secret of life !’ I think
that they were not far from the truth. But the present pub
keeper is remarkably ignorant of this incident and is innocent
of basic molecular biology: ‘Watson and Crick, you said?
Never heard of them’ (Tanford, 2003) [13].
PS. However, on the occasion of this year’s festivities for

the DNA double helix a plaque has been uncovered at the
Eagle Pub in the presence of Jim Watson.

Acknowledgements: I wish to thank the feedback and help from my
somewhat younger colleague Ned Mantei, for whom Watson and
Crick ranked high in his list of ‘scienti¢c heroes’ during his student
years in the 1960’s.
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