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ABSTRACT The persistence of hereditary traits over many generations testifies to the stability of the genetic material. Although the
Watson—Crick structure for DNA provided a simple and elegant mechanism for replication, some elementary calculations implied that
mistakes due to tautomeric shifts would introduce too many errors to permit this stability. It seemed evident that some additional
mechanism(s) to correct such errors must be required. This essay traces the early development of our understanding of such mech-
anisms. Their key feature is the cutting out of a section of the strand of DNA in which the errors or damage resided, and its
replacement by a localized synthesis using the undamaged strand as a template. To the surprise of some of the founders of molecular
biology, this understanding derives in large part from studies in radiation biology, a field then considered by many to be irrelevant to
studies of gene structure and function. Furthermore, genetic studies suggesting mechanisms of mismatch correction were ignored for
almost a decade by biochemists unacquainted or uneasy with the power of such analysis. The collective body of results shows that the
double-stranded structure of DNA is critical not only for replication but also as a scaffold for the correction of errors and the removal of
damage to DNA. As additional discoveries were made, it became clear that the mechanisms for the repair of damage were involved not
only in maintaining the stability of the genetic material but also in a variety of biological phenomena for increasing diversity, from

genetic recombination to the immune response.
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HE Austrian theoretical physicist, Erwin Schrodinger, one

of the inventors of wave mechanics, was fascinated by the
Hapsburg lip, a distinctive facial feature of the Hapsburg im-
perial family. This was not only because he was Austrian but,
as a physicist trying to understand biology, he was fascinated
by the stability of this trait over the centuries, something that
seemed to defy the laws of thermodynamics (Schrédinger
1945). Geneticists and biochemists in the 1940s were com-
parably impressed by the apparent removal of DNA from the
hurly-burly of cellular metabolism, a property that one might
associate with such hereditary stability (Mazia 1952).

A major step forward in understanding the properties of the
genetic material was the formulation of the double-stranded
structure of DNA by James Watson and Francis Crick in 1953,
which suggested a mechanism for its replication and accord-
ingly its perpetuation. In one of the more famous understate-
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ments in the scientific literature they wrote: “It has not
escaped our attention that the specific pairing we have pos-
tulated immediately suggests a possible copying mechanism
for the genetic material” (Watson and Crick 1953a,b). What
apparently did escape their attention, and that of the early
molecular biologists, was that this double-stranded structure
also served as a safety device, permitting the repair of dam-
age to one or the other of the strands. Even more surprising,
in hindsight at least, was that this recognition first came from
what was then the unfashionable field of radiation biology.
Today the subject of DNA repair is a fully accepted part of
the body of contemporary molecular knowledge. Current
textbooks of molecular biology, genetics, and biochemistry
list DNA repair mechanisms comfortably among the multitude
of metabolic pathways. Table 1 summarizes the ones dis-
cussed in this article. Manipulation of these pathways is cen-
tral to the application of CRISPR, perhaps the most productive
of recent biological technologies and the latest major addition
to the field of DNA repair. The Nobel Prize in chemistry for
2015 was awarded to Tomas Lindahl, Paul Modrich, and Aziz
Sancar for their detailed mechanistic studies on repair, which
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BOX 1

The introduction of ionizing radiation as a tool in the 1920s and 1930s led to major advances in our understanding of the
gene. The discovery by Muller (1927) and almost simultaneously by Stadler (1928a,b) that ionizing radiation could
produce mutations in what had hitherto been an impenetrable gene opened up the possibility of actually investigating
the properties of this biological entity by physical means. Further investigations by Timofeeff-Ressovsky et al. (1935) led
to the hypothesis that the “gene” was a molecule and to a calculation of its possible size that was/is reasonable. This
“three-man article” found its way to Schrodinger (1945) who made Delbriick’s model a key feature of his book What is
Life?, a work which enticed many of its founders into what became molecular biology.

The advantage and disadvantage of radiation is that it lent itself to quantitative studies and to a mathematical analysis of
the results obtained. The result was target theory: the idea that the gene, or virus, was a target at which quantum bullets
could be shot. There was then a relationship between the size of the target and the number (dose) of bullets that needed to
be shot at random to hit the target. The hypothesis was reasonable as a first approximation and was developed to a high
degree of sophistication (Lea 1946). The hypothesis had many failings but, to my mind, a major one was the concen-
tration of research on the absolute linear dependence of the mutation rate on dose. There were political and social
reasons for this concentration in a world attempting to come to terms with the development of atomic energy. One
scientific result was a concentration of radiation research on the interpretation of killing curves with different types of
radiation being applied at differing dose rates and with different end points. At no point was this research able to identify
the target molecule. Notwithstanding really sophisticated analysis, this research did not provide as much insight as

subsequent biochemical analysis.

is confirmation of the current respectability of studies on DNA
repair.

Yetit is clear that the early workers in this field were justified
in feeling that their work was not given the recognition it
deserved as a key factor in the DNA-centered view of life that
became the science of molecular biology. John Cairns, a key
figure in that development, writing as late as in 2008, was able
to trace the foundations of molecular biology and list its exciting
discoveries without mentioning the fact that DNA could be
repaired (Cairns 2008). A review on the history of “target the-
ory” (a pioneering, somewhat earlier, attempt to understand
the biological effects of radiation) (Box 1) reports: “Around
30 years ago, a very prominent molecular biologist confidently
proclaimed that nothing of fundamental importance has ever
been learned by irradiating cells!” (Bedford and Dewey 2002;
J. S. Bedford, personal communication). What was the basis for
this attitude and what produced the change?

Replication as the Central Problem in Biology

In the 1930s, Max Delbriick, a brilliant young German phys-
icist, became interested in radiation biology as a tool for dis-
cerning the nature of the gene (Strauss 2017). He was
looking for some way to validate Niels Bohr’s speculation that
understanding biology required the recognition of unique
processes that could not be explained by the application of
(known) physical and chemical principles (Bohr 1933). Rep-
lication of the genetic material appeared to be the most likely
place in which such new principles might be found. Delbriick’s
work on bacterial viruses started with the expectation that
these entities might be the simplest objects to study “pure”
replication without the distractions of metabolism. Unfortu-
nately, the viruses turned out to be not nearly as simple as
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Delbriick had imagined. They possessed multiple genes, a
complex recombination mechanism, and even a sequential
developmental pattern. Accordingly, the problem of replica-
tion remained.

At almost the same time as these investigations on bacte-
riophage were beginning, Oswald Avery and his co-workers
were demonstrating that (at least some) genetic information
was carried by DNA (Avery et al. 1944). By 1952 it was gen-
erally recognized that it was DNA rather than protein that
carried the genetic message (Mazia 1952). The culmination
of these efforts was the elucidation of the DNA structure by
Watson and Crick (1953a,b).

Crick, at least in hindsight, recognized that their proposed
mechanism had a potentially fatal flaw (Crick 1974). DNA
could not be the carrier of stable genetic information since
the calculated rate of errors in its replication based on the
rate of tautomeric shifts in the nucleotide bases would make
such hereditary stability impossible. Yet, in spite of that the-
oretical objection, DNA is the genetic material. Therefore,
there must be mechanisms for correcting errors introduced
in the normal replication process.

For most of the founders of molecular biology, the exact
nature of such mechanisms were just secondary details that
could be worked out later compared with the really important
questions of how DNA replicated and functioned. Their ra-
tionale was outlined by Crick much later (Crick 1974, 1988):

Surely then, DNA cannot be the genetic material since its
replication would produce too many errors.... Fortunately,
we never took this argument seriously. . . DNA is, in fact, so
precious and so fragile that we now know that the cell has
evolved a whole variety of repair mechanisms to protect its
DNA from assaults by radiation, chemicals and other haz-
ards. .. (Crick 1988, p. 111).
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This clearly reflects the wisdom of hindsight. Replication
using complementary base pairing is possible without a per-
manent double-stranded DNA structure: consider the single-
stranded viruses. However, the stability of the genome requires
repair and at least four separate pathways—nucleotide exci-
sion repair and its variation, transcription-coupled nucleotide
excision repair, base excision repair, and mismatch repair—
have evolved to accomplish it (Table 1).

The “Stability of DNA”

By 1952, as noted above, it was pretty well established that
DNA was the genetic material. A review by Mazia (1952)
summarizes the reasons for this belief. Mazia emphasized
the finding that DNA, but not protein, met the quantitative
expectations for the hereditary substance. The amount of
DNA was the same in all diploid cells and was halved in
haploid cells. The DNA content of the nucleus (exactly) dou-
bled during the mitotic cycle. An interesting additional argu-
ment was based on the apparent stability of DNA. It had
recently been shown that body constituents were in a con-
stant state of turnover (Schoenheimer 1942), but there was
an important exception. DNA seemed to be different and un-
usually stable. Its constituent atoms did not seem to be
replaced to the same extent as other molecules, particularly
RNA (then called PNA for pentose nucleic acid) (e.g., Furst
et al. 1950). This was in accord with the (supposed) require-
ments of the genetic material, the guardian of the cell’s his-
tory, protected from the vicissitudes of metabolism, and able
to remain stable for hundreds of years as Schrodinger had
pointed out in his 1945 essay.

Mazia wrote his review just before publication of either the
Hershey—Chase experiment (Hershey and Chase 1952) or the
Watson and Crick model (Watson and Crick 1953b). He was
aware of the Avery experiments (Avery et al. 1944) but, like
most cell physiologists, was not sure what to make of exper-
iments with bacteria. Mazia was reasonably sure that trans-
formation was not directed mutation and thought it unlikely
to be due to protein contamination, but he was not sure
where the specificity of DNA came from. He quotes Chargaff’s
work showing the different base composition of DNAs from
various bacteria (Chargaff 1950), but he also quotes work
from Mirsky’s laboratory (Daly et al. 1950) showing that
the DNAs from a variety of vertebrates and Pneumococcus
had essentially the same base composition. Nonetheless,
Mazia came down on the side of DNA as the genetic material
and identified what he saw as the two remaining problems:
how did DNA reproduce and how did it function? The Watson—
Crick structure pointed to the solution of the first question. The
second was Crick’s major question (how genes functioned)
and occupied him and many prominent molecular biologists
for the decades of the 1950s and 1960s. The discovery of
messenger RNA, elucidation of the role of repressors and pro-
moters, and an increased understanding of how DNA coded
information early in the 1960s made it possible to think that
Crick’s second question had been solved in principle.
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In parallel with these developments, but carried out by a
separate set of investigators, were developments in the study
of mutation. It was demonstrated by bona fide members of
the “phage group” that a variety of nucleic acid base ana-
logs could induce mutations in phage, and Ernst Freese and
Seymour Benzer had developed a molecular explanation for
their action (Benzer and Freese 1958). The earlier pioneer-
ing work of Charlotte Auerbach (Auerbach and Robson
1947; Auerbach et al. 1947) had spawned a series of exper-
iments showing the production of mutations by chemical
agents, particularly the alkylating agents. A group of inves-
tigators at The University of Texas had also demonstrated
that UV irradiation of the medium made it mutagenic for
bacteria, suggesting that at least some radiation effects
might be indirect (Stone et al. 1947). Furthermore, there
was increasing evidence that protein synthesis was required
to fix or “cement” mutations (Witkin 1956). Therefore, by the
mid-1950s, there was evidence indicating that biochemistry
intervened between an insult to DNA and the production of
a mutation.

The Contribution of Radiation Biology

The development of atomic weapons remains both a (perhaps
“the”) major problem for our times and also represents the
practical achievement of a half century of research in physics.
This development could not help but affect biological re-
search, and it did so in at least two ways. It certainly per-
suaded many physical scientists to look for a field they could
pursue without qualms of conscience and it persuaded the
United States government, anxious to promote the peace-
ful uses of atomic energy, to establish a number of National
Laboratories and to spend relatively large sums, for those
times, on biological research to ascertain the safety of such
applications. Errol Friedberg (1997) and some other key in-
vestigators of DNA repair are convinced that “This situation
did little to endear the community of radiobiologists to the
‘aristocrats’ of molecular biology, who not only labored under
more restrictive financial conditions, but additionally consid-
ered much of the research done in these Laboratories as
frankly pedestrian.” (The data don’t actually support the re-
ality of the relative lavishness of support for radiation re-
search but the feeling was certainly there.)

By 1960 there was an awareness that cells could recover
from the effects of radiation even though the nature of the
recovery process(es) was unknown. It was also recognized
that any explanation of the origin and evolution of life would
have to take into account damage to the genetic material from
radiation in the prebiotic and early postbiotic eras. The as-
trophysicist Carl Sagan made some calculations for the Radi-
ation Research Society and came to the conclusion that the
major problem would be UV radiation (Sagan 1961). The flux
of UV light would have resulted in a mutation rate too high to
permit stable transmission of hereditary information. Sagan’s
1961 calculations suggested that the original life forms
would have to have been benthic, i.e., living on the ocean
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bottom, but even then there would be a problem resulting
from the production of peroxides. His suggestion as to how
primitive organisms solved this problem reflected current
knowledge and involved the development of catalases that
would detoxify the peroxides. These speculations ignored the
possibility that damaged DNA itself might be repaired. By the
start of the 1960s it was recognized that radiation, particu-
larly UV radiation, would have posed a significant problem
for early (as well as later) organisms.

By this time there was sufficient information indicating
genetic recovery processes to permit a Symposium to be held
in Leiden in August 1962 with the title Repair from Genetic
Radiation Damage (Sobels 1963). By 1962 it was recognized
that there was a repair process(es) acting on DNA and that
this process acted in the dark and was distinct from a pre-
viously discovered light-dependent form of DNA repair: pho-
toreactivation. The phenomenon of photoreactivation had
been described in the late 1940s (Kelner 1949) and had even
been subsequently accomplished in vitro (Wulff and Rupert
1962). It had been discovered that neighboring thymines in
DNA were dimerized by UV radiation (Beukers and Berends
1960; Wulff and Fraenkel 1961) and that these dimers dis-
appeared during photoreactivation (Wulff and Rupert 1962)
(for review of this phenomenon see Friedberg 1997). In some
ways, the discovery may have diverted attention from the
role of the double-stranded DNA structure in repair, since
photoreactivation involves the direct reversal of a lesion
without breaking the DNA chain. The mechanism of the dark
repair was unknown. No one at the 1962 Symposium recog-
nized (or wrote about) the importance of having the DNA be
double stranded to permit repair of any kind.

Excision Repair

The discovery of thymine dimerization by radiation was the
key to an understanding of how DNA could be repaired.
Within 2-3 years from the report of the UV-induced dimer-
ization of thymine, a general scheme of excision repair had
been established as the result of work by Richard Setlow, Paul
Howard-Flanders, Philip Hanawalt, and their co-workers.

Figure 1 Common steps in excision repair mechanisms.

Site of DNA damage
or mispairing .

The demonstration depended on the isolation of radiation-
sensitive mutants in Escherichia coli, first by Ruth Hill (1958)
(who tragically died at an early age in 1973) and on some
astute biochemical intuition by Richard Setlow about the
properties and analysis of the excised thymine dimer-containing
fragments (Friedberg 1997). The precise timing of the dis-
coveries by the three laboratories is not clear since the key
articles were published within weeks of one another (Boyce
and Howard-Flanders 1964; Pettijohn and Hanawalt 1964;
Setlow and Carrier 1964). An earlier result of Hanawalt
(Pettijohn and Hanawalt 1963) included evidence for what
is now known as repair synthesis but without that interpre-
tation. I believe that all subsequent studies on DNA repair
mechanisms can be traced to these three articles. The eluci-
dation of the general scheme of excision repair (Figure 1)
provided a paradigm for subsequent work.

At least one of the founders of molecular biology did
immediately appreciate the importance of the discovery. Philip
Hanawalt (personal communication) recalls that Max Del-
briick was so excited about the discovery of thymine dimers
that he decided to offer a course on photobiology and during
one lecture he “became so excited that he lapsed into German
and didn’t notice for a few minutes, before laughing and
switching back to English.” Delbriick was the contributing
editor of the Boyce-Howard-Flanders excision repair article.
He was well known for his frequent, devastating comments at
seminars (Strauss 2017), but had a different attitude about
the discovery of excision repair. In retrospect, this may not
have been so strange. Delbriick had a lifelong interest in
photobiology stemming from Niels Bohr’s lecture on Light
and Life (Bohr 1933), a lecture that influenced all his future
work. I have written about Delbriick before (Strauss 2017)
but it is now clear to me that I had not sufficiently appreciated
his interest in photobiology and repair. He moderated the
final session of the first major meeting on DNA repair
(Haynes et al. 1965), but I did not then understand why he
bothered to attend.

By 1967 the accumulating evidence for a generalized DNA
repair mechanism was great enough to merit a Scientific
American article describing the system and arguing for a
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generalized DNA repair mechanism (Hanawalt and Haynes
1967). A great boon to research in the field was the discovery
of a disease linked to cancer and resulting from a deficiency in
DNA repair. This was the demonstration by James Cleaver that
the sun-sensitive, cancer-prone genetic disease xeroderma pig-
mentosum was associated with a deficiency of DNA repair
(Cleaver 1968). Besides the obvious fundamental scientific im-
portance of the discovery, it also established the health relevance
of DNA repair, thereby providing an important rationale for se-
curing financial support from the National Institutes of Health.
The fidelity of normal DNA replication is maintained by
several processes. The overall error rate in vivo for undam-
aged DNA is ~1 in 10° (error rates vary in different portions
of the genome). Physical base pairing and stacking alone re-
sult in an error rate of ~1 in 102. Polymerase structure, the
fitting of incoming nucleotides and template into the enzyme,
contribute a factor of specificity of an additional 103
(McCulloch and Kunkel 2008). Replicative polymerases have
associated with them a “proofreading” exonuclease, which
examines the incoming nucleotide for fit and which contrib-
utes an additional factor of ~102 to the specificity (Fersht
et al. 1982). The additional factor of ~102 for normal repli-
cation is contributed by the mismatch (excision) repair sys-
tem. In addition, there are three excision repair mechanisms
to deal with DNA damage and one distinct mechanism (ho-
mologous recombination) for the error-free repair of double-
strand breaks in DNA (Table 1). The pathways of the four
excision repair mechanisms (including mismatch repair) are
remarkably similar involving a recognition step, removal of
the incorrect base, which involves a break in the phospho-
diester chain, and a resynthesis step using the normal DNA
strand as a template (Figure 1). There is a second process for
the repair of double-strand breaks (nonhomologous end join-
ing) that is somewhat different but with a variant that does
involve the two strands. To my knowledge, there has been no
report of homologies in the proteins involved, which suggests
that all have been independently evolved. However, it has
been proposed that one or more of the mismatch repair pro-
teins have been coopted to play a regulatory role in some of the
excision repair mechanisms (Mellon and Champe 1996;
Polosina and Cupples 2010). The common theme of all the
excision mechanisms is that DNA must be double stranded
to provide a template for the repair. Separate from these, there
are proteins involved in the direct reversal of damage (e.g.,
photoreactivation, O° methylguanine DNA methyl transferase).
Once the basic principles of nucleotide excision repair had
been established, it became somewhat easier to think of
variations on the process. For example, I had been studying
the effect of the monofunctional alkylating agent, methyl
methanesulfonate (MMS), on Bacillus subtilis and had ob-
served a recovery process which, as a result of some convo-
luted arithmetical calculations, I attributed to residual DNA
synthesis (Strauss 1963). Although then a member of the
Department of Microbiology at The University of Chicago,
my laboratory was in the Research Institutes that also housed
the Committee on Biophysics. Bob Haynes, who was a collab-
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orator of Phil Hanawalt, was a member of that unit and we
met more or less regularly at the mail boxes (this was in the
period when “snail mail”—the regular postal delivery of paper—
was still an important means of communication). Haynes was
one of the organizers of the first meeting devoted to DNA
repair held in Chicago in 1965 (Haynes et al. 1965). One
day I learned from Bob that there was a process called DNA
repair. As a result, we then tested the different stocks of B.
subtilis in our freezer and discovered that we had been using
a UV-sensitive strain: origin unknown. We used this strain to
show that there were variations in excision repair (Reiter and
Strauss 1965) since, along with other evidence, this strain did
not repair UV-induced or nitrogen mustard-induced damage
but did still repair MMS-induced damage. We concluded:
“The repair of damage induced by ultraviolet irradiation dif-
fers by at least one step from the repair of damage induced by
methyl methanesulphonate.” (I sent a copy of our manuscript
to Richard Setlow asking for comment and he tried to dis-
suade me from this conclusion since it contradicted the hy-
pothesis that excision repair was a general error-correcting
mechanism.) In retrospect, what we were seeing, but did not
understand, is now recognized as base excision repair; a sys-
tem using different enzymes and a smaller patch.

Base Excision and Mismatch Repair

Two other discoveries were needed to make the study of DNA
repair processes part of the catechism of molecular biology.
First, it needed to be shown that DNA repair was not a
phenomenon limited to radiation- or alkylating agent-induced
damage, but that there was a significant natural rate of
damage or mismatch that required repair over and above
the exonucleolytic proofreading activities of the replicative
DNA polymerases. Second, it needed to be demonstrated that
DNA recombination was a process that involved using some of
the same tactics used for repair. To resolve Crick’s conundrum,
the result of all the repair processes should be found to be a
reduction of the overall replication error rate to a level con-
sistent with the stability of the genome.

That some such system(s) was required was made empir-
ically clear by a set of studies by Tomas Lindahl in the early
1970s. One of these studies was a measurement of the spon-
taneous loss of purines by DNA (Lindahl and Nyberg 1972).
Lindahl showed that, without any intervention whatsoever, a
typical human cell might be expected to lose ~600 purines/
hr (Lindahl and Nyberg 1972). This calculation, coupled with
the discovery of an enzyme to remove spontaneously pro-
duced uracil from DNA (Lindahl 1974), was evidence that
the genetic material needed continuing surveillance and re-
pair to maintain its integrity.

In hindsight, one can argue that the basic principles of
mismatch repair could, and should, have been deduced by the
early 1960s from the new data about the mechanisms of
meiosis coming from the studies on Neurospora and yeast.
In these studies, all the products of an individual meiosis
could be recovered; hence, in these organisms it was possible



to follow the fate of each DNA strand through the meiotic
process rather than depending on statistical analysis of the
results of mass crosses. Explanations of the events in meioisis
involving mismatch repair had been provided based on this
new data by Harold Whitehouse (1963) and his student
Robin Holliday (1964). These investigators argued that in
the process of meiosis there was produced a region of DNA
in which the two strands were not (necessarily) complemen-
tary but were derived from the two different parents, i.e., the
molecule itself was heterozygous. Completion of meiosis al-
most always involved conversion of the mismatch to a homo-
zygous state by a process that Holliday identified as requiring
enzymatic intervention and which consequently deviated
from the expected Mendelian ratios. Holliday’s article was
rejected by both Nature and GENETICS and was eventually
published in Genetical Research (Holloman 2014)!

The (bio-) chemists seemed unable to respond. Genetics, as
taught then (and unfortunately often still taught), started and
ended with Mendel and his peas and the conventional ratios
derived from so-called monohybrid and dihybrid crosses. The
newer studies used ascomycete fungi (e.g., brewer’s yeast, Neu-
rospora) in which “all the products of a single meiotic event”
could be analyzed. I believe that this phrase itself was mysteri-
ous to both biochemists and many (but not all) of the new
molecular biologists. That the difference between a 4:4 ratio
and a 5:3 ratio derived from a single meiotic event indicated the
operation of a new biochemical pathway was not something
easily accepted by those unfamiliar with these genetic systems.

As an example of the disconnect between genetics and
biochemistry, consider the following: At a retreat, probably in
the 1980s, for faculty and students in the Department of
Molecular Genetics and Cell Biology at the University of
Chicago, a student in Rochelle Esposito’s laboratory was
explaining his research. He displayed Northern and Western
blots without comment, knowing his audience would under-
stand these, but stopped to explain the details of meiosis on
the (probably correct) supposition that the details of this
arcane biological process were probably unknown to these
graduate students in biology, who would be unable to un-
derstand his research without such instruction.

Some prominent molecular biologists seemed quite willing
to express their thoughts about genetics (or geneticists). Here,
in 1968, is James Watson’s statement:

That was not to say that the geneticists themselves pro-
vided 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 chemical. 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 genetics in this transitional age of changing values (Watson
1968, p. 74, my italics) (Watson 1968).

Forty years later, consider this comparable view from a
sketch of the history of molecular biology:

Geneticists seem to have been less pessimistic, perhaps
because theirs was a subject that rejoiced in a multitude of
essentially abstract words (dominant, recessive, epistatic
and so on) — the kind of words that are designed to avoid
the need for further thought (Cairns 2008).

It is only fair to point out that the miscomprehension
between these two fields is a two-way street. [ can remember,
as a graduate student, one cytologist being rather pleased that
his subject could be handled in purely biological terms without
reference to physics or chemistry. Further along, in the late
1960s, my graduate students insisted that we had to include
an experiment with UV light in any article dealing with the
repair of alkylation damage or the investigators studying DNA
repair wouldn’t pay any attention!

It took almost 15 years to add biochemistry to Holliday’s
1964 suggestion, possibly because, as pointed out above,
biochemists did not appreciate the problem or, more
likely, because the tools were not available. An essential
biochemical element was the discovery of DNA ligases: en-
zymes that joined broken DNA molecules. This finding
was made in 1967 by at least four different laboratories
(Gefter et al. 1967; Olivera and Lehman 1967; Weiss
and Richardson 1967; Zimmerman et al. 1967).

There was now good reason to suppose that recombination
might actually be amenable to biochemical study. It was
Matthew Meselson, using phage \, who demonstrated that
genetic recombination was accompanied by actual physical
exchange of sections of DNA (Meselson and Weigle 1961;
Meselson 1964). Recombination therefore necessarily in-
volved breaks in DNA and the models of recombination that
were developed are similar to, and can be traced to, an un-
derstanding of how cells avoid the lethality associated with
the production of double-strand breaks in DNA, a major con-
sequence of ionizing radiation. I suggest that they derive
from a recovery mechanism not involving excision called
postreplication repair or replication repair first discovered
by Rupp and Howard-Flanders (1968) and later shown to
involve the product of the gene recA (see Smith and Wang
1989). When the DNA synthetic apparatus encounters a rep-
lication blocking lesion on one strand, it continues synthesis
on the undamaged strand. Later, after synthesis of one double-
stranded region, synthesis proceeds past the critical site on the
damaged strand using the newly synthesized complementary
strand as a template (see Higgins et al. 1976 for one way this
might be done).

Haploid organisms such as bacteria require replication to
provide such a template. Diploid organisms come equipped
with a template for both strands as part of the homologous
chromosome. The realization that an undamaged sister chro-
matid (or chromosome) could provide a template for the
repair of both strands of DNA led to the general incorporation
of repair concepts in the models of recombination that are the
basis for current research (Szostak et al. 1983).

The genetic data still required some sort of mismatch repair
for a satisfactory interpretation of recombination (see above)
but such data had an esoteric and nonconvincing air for
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biochemists who needed to know, among other things, how
organisms recognized which strand needs correction. The
discovery of methyl-directed mismatch repair in E. coli solved
that problem (Meselson and Radding 1975; Wagner and
Meselson 1976) although we now know that these bacteria
employ a sophisticated mechanism to discriminate between
the old and newly synthesized DNA strand. The elegant work
of the Modrich laboratory in particular then provided the
specific mechanistic details (Modrich 1986).

Recognition of the role of deficient mismatch repair in
certain colon cancers (Parsons et al. 1993) helped (in my
opinion) to make the study of repair popular enough for
Science magazine to decide that DNA repair enzymes were
the 1994 “Molecule of the Year.” In 2000, a Cold Spring
Harbor Symposium was devoted to Biological Responses to
DNA Damage with the explanation on its website:

Discussion of the nature of mutations and genetic damage
was pervasive at Cold Spring Harbor in the 1940s and 1950s
due to the presence of Demerec, Max Delbriick, Salvador
Luria, and Barbara McClintock and can be traced to the
1941 Symposium on “Genes and Chromosomes: Structure
and Organization,” which occurred long before the double
helix was revealed. We have come a long way in our under-
standing since then, and it was about time to correct the long
absence of this topic from these Symposia (Witkowski 2000).

Conclusion

This is a personal view of the early days of DNA repair studies. I
have thought it useful to trace the development of our ideas about
(mainly) excision repair to emphasize the importance of the
double-stranded structure of DNA in the maintenance of genetic
integrity. I have said nothing about the mutagenic SOS pathways
studied so imaginatively by Evelyn Witkin and Miroslav Radman.

Without the existence of an active repair mechanism early
in the history of life on earth and given the radiation flux in the
prebiotic and early biotic environments, it would have been
impossible for a molecule like DNA to have survived, let alone
to have served as a stable repository of genetic information.
Both single- and double-strand breaks in a polynucleotide
chain would be necessarily lethal without repair, but the
pathway(s) of restoration without introducing error is based
on finding an undamaged homologous strand. It might there-
fore be argued that the double-stranded DNA structure was so
successful in the evolution of living systems precisely because
it provided a way to conserve genetic information as well as
furnishing a mechanism for its copying.

It is hardly a surprise that students of a biological process
should argue for the fundamental importance of the subject of
their investigations. And it is therefore not surprising that
many of us working on DNA repair should have felt that,
although our studies seemed to us of vital interest, they were
largely ignored by the molecular biologists we were trying to
impress (see Friedberg 1997). Two questions can be posed:
first, can anything of general interest can be learned from this
history? Second, does the history itself actually matter?
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This second question is easier to answer. The general “vote”
on what is important in science has material consequences.
Where should we put the money, what young person in what
field should we hire? Once molecular biology was established
as a scientific discipline in its own right, the opinions of the
pioneers were hard to ignore. It is clear, as illustrated above,
that many of them did think the mechanisms for correcting
errors were mere details. Luckily, all of this happened in a
period when support for science was (in retrospect) relatively
lavish and the different fields were not in serious financial
conflict, so the field of DNA repair could develop in part
because of the link to cancer research and its funding pro-
vided by Cleaver’s discovery (Cleaver 1968).

The history of the studies on mismatch repair illustrates
another, possibly related, difficulty. Reading the studies on
gene conversion and the articles of Whitehouse and Holliday
with all the benefit of hindsight, it would seem that their
connection to the newly described excision repair mechanisms
would have been obvious. Yet it took at least a decade for
mismatch repair as a separate process to be described. This
must partly reflect the lag in discovering the enzymes that
synthesized and glued together DNA chains. But it seems clear
that both biochemists and (many of) the new molecular
biologists were unable to take the genetic evidence seriously.
I have copied some appropriate comments from James Watson,
but the biochemists were equally parochial in their reluctance to
accept a phenomenon as established without demonstrated
mechanistic (enzymatic) detail (Kornberg 2000). There was
just no mutual understanding. It would be pleasant to believe
that things are different today and that the emphasis on multi-
disciplinary teams of investigators ensures that all avenues of
potential interest will be explored. Perhaps.

Practical application of discovery follows unexpected
paths. One of the most useful new biological technologies is
the use of CRISPR-Cas9 and its modifications. The technology
depends on the ability to make double-strand breaks at
specific locations. What follows depends on the investigators
making clever use of the various mechanisms for the repair of
double-strand breaks along with mismatch repair. A Danish
proverb attributed to Niels Bohr (and also to Yogi Berra) may
be appropriate: “prediction is difficult, especially about the
future.” Modesty about the relative importance of different
approaches might be a desirable quality to cultivate at all
times.
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