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a b s t r a c t

Spontaneous copying errors in replication often are assumed to be the main source of germline mutations
in humans and other mammals. However, when laboratory data on context-dependent patterns of oxida-
tive DNA damage are compared with patterns of mutation inferred from mammalian sequence evolution,
the strength of the correlation suggests that damage is the main source of mutations. Analysis of damage
susceptibility holds promise for improving models of mutational specificity.

Published by Elsevier B.V.

Mutations in genomic DNA may arise by several pathways dis-
tinguished by the initiating event: a spontaneous copying error,
incorporation of a damaged nucleotide precursor, or damage to
DNA [1]. Oxidative damage is thought to play a major role in somatic
mutation in the context of cancer, ageing, and various diseases [2].
However, in the case of germline mutation – the process underly-
ing evolutionary changes and heritable population variation – the
main source of mutations is unknown. Since Watson and Crick pro-
posed their tautomeric nucleotide theory of mutation, it has been
a widespread assumption that spontaneous copying errors are the
main source of base substitution mutations (e.g., Section 9.1 of Ref.
[3]), Based on the observation that variability (by species) in the
apparent rate of germline mutation correlates with the number of
generations (or cell divisions) per unit of time, some have argued for
spontaneous copying errors during replication as the main source
of germline mutations [4,5]. However, the same kind of data also
correlate with species-specific metabolic rate [6], an indicator of
the rate of production of damage-causing reactive oxygen species.

New systematic data on damage patterns may shed light on this
issue. Recently, Greenbaum et al. [7] quantified the site-specific
sensitivity of short DNA sequences to cleavage in vitro by hydroxyl
radical, a major cause of oxidative damage in living tissues. Sensi-
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tivity is largely a matter of local sequence context, such that 78%
of the variability is explained by a simple model of overlapping
triplets (characterized by the average cleavage sensitivity at each
of the three positions); 88% of the variability is explained by a model
of overlapping quadruplets [7].

To assess the potential contribution of this type of oxidative
damage to germline mutation, I compared the context-dependent
hydroxyl radical cleavage patterns to apparent context-dependent
mutation rates, inferred from evolutionary divergence of mam-
malian non-coding regions on the assumption that all changes
have the same (presumptively neutral) effect on fitness [8]. When
data from CpG sites (which have an aberrant mutation pattern as
explained below) are excluded, the hydroxyl radical cleavage inten-
sity for the middle nucleotide of a triplet accounts for R2 = 50% of
the variability in its relative mutation rate (Fig. 1B), a remarkable
correlation (P = 2.4 × 10−5).

In interpreting this correlation, it is important to bear in mind
that the primary categories of mutation are distinguished by what
initiates the mutation process [1]. When damage initiates muta-
tion, it influences the context (location) of the mutation, the timing,
and sometimes the direction (what it mutates to). But damage is
not mutation. The involvement of repair synthesis means that dif-
ferences in repair propensities also modulate the location, timing
and direction of mutations that arise by a damage-induced path-
way. However, DNA damage does not modulate the probabilities
of spontaneous copying errors, which by definition occur in the
absence of damage. The hydroxyl cleavage data represent an empir-
ical model of how a particular type of damage influences the context
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Fig. 1. Apparent mutation rate of the middle nucleotide of a triplet, as a function of
its mean hydroxyl radical sensitivity. Each data point represents a double-stranded
triplet, e.g., TCC on the plus strand with GGA on the minus strand (error bars, 95%
confidence intervals, excluded from plot A for clarity). In (A), all 32 such triplets
are shown, while in (B) the 4 triplets with the dinucleotide CG are excluded. The
horizontal axis is the relative hydroxyl cleavage intensity for the central nucleotide of
a given triplet, summing the strand-specific data for each strand (e.g., TCC and GGT),
obtained from the ORChiD database [7]. The vertical axis is the relative apparent
mutation rate for the middle nucleotide of a triplet (based on Ref. [8]), summed
over all possible mutation pathways (e.g., TCC to TAC, TGC and TTC). This rate is not
strand-specific, e.g., the TCC to TAC rate is also the GGA to GTA rate. The P value for
the correlation in (B) is 2.4 × 10−5.

of a mutation. Fig. 1 addresses the case of triplet contexts, relat-
ing the inferred mutation rate in a triplet context to the cleavage
susceptibility of a triplet context. The most direct interpretation of
the resulting correlation is that hydroxyl cleavage determines the
location of most non-CpG-related substitution mutations.

However, a less direct interpretation might be possible, given
that hydroxyl cleavage patterns reflect fundamental aspects of
DNA biochemistry that have many implications. In particular, one
may question whether the apparent pattern of mutation inferred
from sequence divergence [8] truly reflects mutational preferences
without any effect of natural selection related to these funda-
mental biochemical factors. Clearly the hydroxyl data show that
some triplets are more damage-prone, which means they have
lower fitness, which means that an adaptive evolutionary shift from
damage-prone to damage-resistant triplets could be ongoing, even
in non-coding regions that are otherwise assumed to be evolving
neutrally. This hypothesis could account for the pattern in Fig. 1,
but it also predicts an inverse correlation between hydroxyl radical
cleavage intensity for a triplet and the apparent mutation rate to
that triplet. In fact, as shown in Fig. 2, there is no such correlation.

Thus, the causal linkage implicated in Fig. 1 appears to be medi-
ated by mutation and not by natural selection. It might be naı̈ve to

implicate hydroxyl radicals directly, as the context-dependence of
cleavage reflects local differences in solvent-accessible surface of
the DNA backbone [9,10], presumably a key factor in many possible
kinds of damage, not just hydroxyl-mediated damage. Neverthe-
less, a specific role for hydroxyl radicals is plausible biologically,
given that they are present naturally in mammalian cells, being
generated both as a side-product of certain enzyme-catalyzed reac-
tions, and also as a product of naturally occurring radiation.

Given that mammalian DNA is thought to spend much of its time
bound up in nucleosome particles, it may seem surprising that the
correlation in Fig. 1B is based on hydroxyl cleavage experiments
that use naked DNA fragments as substrates. DNA in nucleosomes
has many subtle structural differences from naked DNA [11], and a
substantial (though not major) fraction of its surface – including a
substantial fraction of the backbone, where hydroxyl radicals attack
[10] – is buried and thus inaccessible [12]. The fact that cleavage pat-
terns based on naked DNA are relevant to natural damage-induced
mutation might indicate simply that, in nature, most of the damage
occurs while the DNA is naked. Further cleavage experiments (e.g.,
on DNA in reconstituted nucleosome particles) could resolve this
issue.

Note that the results in Fig. 1B reflect the exclusion of data
affected by CpG sites, where a 10-fold higher rate of muta-
tion [8] also reflects oxidative damage by a known mechanism:
programmed enzymatic modification results in CpG sites with 5-
methyl-cytosine on one or both strands; oxidative deamination
of 5-Me-C generates thymine and thus T:G mis-pairs; these T:G
mis-pairs are repaired far less efficiently than the U:G mis-pairs
(U, Uracil) that result from oxidative deamination of unmodified
cytosine.

Thus, given that mutations at CpG sites reflect oxidative dam-
age and account for about 1/4 of nucleotide substitution mutations
in humans [13], and given that the remaining 3/4 of mutations
show a context-dependence that correlates strongly with the
context-dependence of hydroxyl radical cleavage, it would seem
that oxidative damage is the predominant source of germline sub-
stitution mutations in mammals.

Fig. 2. Apparent mutation rate to a triplet as a function of hydroxyl radical sensitiv-
ity. Each data point represents a double-stranded triplet, as in Fig. 1, based on the
same sources of data. The horizontal axis is as in Fig. 1. The vertical axis is the relative
mutation rate to a given triplet, summing over all three possible mutation pathways
(e.g., to TCC from TAC, TGC or TTC), but excluding any pathways from triplets with
CpG. Under the hypothesis that the correlation in Fig. 1 is due to selection (see text),
the apparent mutation rate is actually a rate of evolution that reflects selection on
triplet stability, so that the apparent rate of mutation to triplets should correlate neg-
atively with damage sensitivity. In fact, the correlation is positive and not significant
(P = 0.29).
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