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CpG dinucleotides mutate at a high rate because cytosine is vulnerable to deamination, cytosines in CpG dinucleotides
are often methylated, and deamination of 5-methylcytosine (5mC) produces thymidine. Previous experiments have
shown that DNA melting is the rate-limiting step in cytosine deamination. Here we show, through the analysis of human
single-nucleotide polymorphisms (SNPs), that the mutation rate produced by 5mC deamination is highly dependent on
local GC content. In fact, linear regression analysis showed that the log10 of the 5mC mutation rates (inferred from SNP
frequencies) had slopes of 23 when graphed with respect to the GC content of neighboring sequences. This is the ideal
slope that would be expected if the correlation between CpG underrepresentation and GC content had been solely caused
by DNA melting. Moreover, this same result was obtained regardless of the SNP locations (all SNPs versus only SNPs in
noncoding intergenic regions, excluding CpG islands) and regardless of the lengths over which GC content was
calculated (SNP sequences with a modal length of 564 bp versus genomic contigs with a modal length of 163 kb).
Several alternative interpretations are discussed.

Introduction

Base substitution rates vary throughout the human
genome (Wolfe, Sharp, and Li 1989), but the magnitude
and mechanism(s) of these variations remain the subjects
of debate (Francino and Ochman 1999; Fryxell and
Zuckerkandl 2000; Lander et al. 2001; Arndt, Petrov,
and Hwa 2003; Webster, Smith, and Ellegren 2003). One
point that is generally accepted is that the CpG di-
nucleotide mutates at a high rate because cytosine is
vulnerable to deamination, cytosines in CpG dinucleotides
are often methylated, and deamination of 5-methylcytosine
(5mC) produces thymidine (Coulondre et al. 1978; Sved
and Bird 1990; Wiebauer et al. 1993; Friedberg, Walker,
and Siede 1995; Lander et al. 2001). Deamination of
unmethylated cytosine produces uracil (U), which can be
removed by uracil glycosylase (Lindahl 1974; Lindahl,
Karran, and Wood 1997), but 5mC deamination generates
thymine (T), which cannot be processed by this enzyme.
The consequence in humans is that the mutation rate from
5mC to T is 10-fold to 50-fold higher than other transitions
(Duncan and Miller 1980; Bulmer 1986; Britten et al.
1988; Sved and Bird 1990). More than one third of
the germline point mutations that cause human genetic
diseases (Cooper and Youssoufian 1988; Cooper and
Krawczak 1993), and many of the somatic mutations
leading to cancer (Jones et al. 1992; Hollstein et al. 1994)
are caused by CpG hypermutability. The evolutionary
consequence in humans is that the CpG dinucleotide is
statistically underrepresented (Bird 1980) throughout al-
most the entire human genome (Lander et al. 2001). The
extent of CpG underrepresentation is inversely correlated
with GC content (Adams and Eason 1984; Bernardi et al.
1985; Bernardi 1995).

Local strand separation is a prerequisite for the
deamination of cytosine (or 5mC) in double-stranded DNA

(Fryxell and Zuckerkandl 2000). The reaction mechanism
requires the attack ofH3O

1 on theN-3 position, followed by
the addition of H2O to the C-4 position, neither of which are
accessible to water in double-stranded DNA (Frederico,
Kunkel, and Shaw 1993). The measured activation energies
of this reaction are identical in single-stranded and double-
stranded DNA, indicating that both reactions progress
through the same intermediate; in other words, a single-
stranded DNA target (Lindahl and Nyberg 1974; Ehrlich
et al. 1986). Moreover, elegant genetic experiments have
shown directly that single-base mismatches dramatically
accelerate the rate of cytosine deamination in vivo
(Frederico, Kunkel, and Shaw 1990,1993).

Individual internal base pairs within DNA double
helixes remain paired for only a few milliseconds (Leroy
et al. 1988). It is clear that these base pairs open one at
a time, far below the melting temperature, and that the
lifetimes of individual GC base pairs are about three times
longer than those of individual AT base pairs (Leroy et al.
1988). This DNA melting reaction propagates progres-
sively along the double helix for considerable distances
in vivo (Skarstad, Baker, and Kornberg 1990).Moreover, the
addition of nucleosomes to eukaryotic DNA does not have
any measurable effect on the amount of energy required to
melt DNA (Almagor and Cole 1989). Thus, it is clear that
DNA does melt reversibly (‘‘breathe’’) under physiological
conditions, and this melting must have an effect on the
rates of cytosine deamination. The question then becomes
the quantitative extent to which DNA melting (as opposed
to other processes such as biased gene conversion, natural
selection, transcription-coupled DNA repair, and so on)
may be responsible for the correlation between CpG
underrepresentation and GC content.

A quantitative relationship between GC content,
DNA melting, and rates of cytosine deamination was sup-
ported by the reaction rates inferred from human genomic
sequence data (Fryxell and Zuckerkandl 2000). However,
the mathematical solution of the relevant equations re-
quired the assumption of mutational equilibrium, which
although plausible for CpG dinucleotides because of their
rapid mutation rates (Sved and Bird 1990; Krawczak and
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Cooper 1996; Fryxell and Zuckerkandl 2000), could be
questioned because mutational equilibrium does not hold
in many other cases (Lander et al. 2001; Webster, Smith,
and Ellegren 2003). Here we show directly, through
the analysis of human single-nucleotide polymorphisms
(SNPs), that the rate of 5mC deamination does depend on
local GC content, with a slope (in semilog10 plots) of 23.
This slope was previously predicted, based on the physical
chemistry of DNA melting (Fryxell and Zuckerkandl
2000). This, together with several other results discussed
below, indicates that DNA melting is indeed the rate-
limiting step for the deamination of 5mC in vivo.

Methods
Single-Nucleotide Polymorphisms

All human SNPs in the June, 2003 release of the
National Cancer Institute SNP database (ftp.ncbi.nih.gov/
snp/human/rs_fasta) were downloaded and analyzed. Each
entry in this database consists of a DNA sequence, in
which the polymorphic base is encoded according to the
standard one-letter ambiguity code. We discarded SNPs
whose associated sequence data files were 50 bp or less in
length. A total of 3,102,839 SNPs passed this test with
a modal average length of 564 bp, as shown in figure 1A.

SNPs with a Known Ancestral Base

Next, we searched the November 2003 edition of
GenBank (Benson et al. 2002) for chimpanzee genomic
DNA sequences with the keyword ‘‘complete.’’ This search
yielded 569 genomic DNA sequence files, of which 483
sequences totaling 71.9 Mb had been assigned to Pan
troglodytes chromosomes 7 or 22 and were retained for
further analysis. These chimpanzee chromosome 7 and 22
genomic contigs had a modal average length of 163 kb (fig.
1B). We removed repetitive sequences from the genomic
contigs with Repeat Masker (ftp.genome.washington.edu/
cgi-bin/RepeatMasker), and the masked sequences were
used as Blast query sequences (www.ncbi.nlm.nih.gov/
SNP/snpblastByCh.html) to search all human SNPs that had
been localized to the homologous human chromosomes
(7 and 21, respectively). Potentially matching SNPs were

retained only if more than 97% of the nucleotides
throughout the entire length of the SNP sequence were
identical with the chimpanzee sequence. For this purpose,
all nucleotides in repetitive sequences and/or aligned with
gaps were counted as mismatches. We also discarded SNPs
whose sequences had more than one polymorphic position
ormore than two possible bases at the polymorphic position.
A total of 23,208 human SNPs passed all of these tests
and, thus, had an unambiguously orthologous sequence in
Pan troglodytes.

We chose to discard repetitive sequences because it
would be more difficult operationally to establish their
orthologywith the same level of confidence. Designing such
a computer program would require not only performing an
additional series of sequence comparisons to establish the
sequence context of each element but also programmed
attempts to rule out a wide variety of potential historical
events such as gene conversion, unequal crossing over, seg-
mental duplications and deletions, and multiple transposon
insertions near the same site. The most straightforward
solution to such issues would be to focus on single-copy
sequences, just as all vertebrate genome projects focus on
single-copy sequences in the early stages of constructing
DNA sequence scaffolds (Gibson and Muse 2002). Indeed,
this was the original motivation for the development of the
RepeatMasker program (Lander et al. 2001).

Our list of 23,208 SNPs with a known chimpanzee
ortholog was pruned by removing duplicate listings,
leaving 18,965 unique SNPs. This list was further pruned
by removing SNPs for which the polymorphic base did not
match the chimpanzee sequence, leaving 18,801 unique
SNPs with a known ancestral base. Finally, this list was
pruned down to 4,437 SNPs in which the polymorphic
base corresponded to a transition mutation within ancestral
CpG or GpC dinucleotides.

These 4,437 transition mutations in CpG or GpC
dinucleotides were classified according to the location of
the polymorphic base in the annotated human genome
sequence. The classification of CpG islands was performed
by a computer program, written in PERL by the authors,
which applied the original definition of a CpG island
(Gardiner-Garden and Frommer 1987) to all of the SNP
sequence files. That is, a CpG island was defined as any

FIG. 1.—Characterization of the DNA sequences used in this study. Both length distributions shown here do not include a small number of much
longer sequences (outside the region shown). (A) Length distribution of the 3,102,839 human SNP sequences that were retained for further analysis (see
Methods). (B) Length distribution of the 483 genomic contigs from Pan troglodytes chromosomes 7 or 22 that were used in this study.

CpG Mutation Rates in the Human Genome 651

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/22/3/650/1075932 by guest on 24 April 2024

ftp.genome.washington.edu/cgi-bin/RepeatMasker
ftp.genome.washington.edu/cgi-bin/RepeatMasker
http://www.ncbi.nlm.nih.gov/SNP/snpblastByCh.html
http://www.ncbi.nlm.nih.gov/SNP/snpblastByCh.html


contiguous sequence at least 200 bp in length, for which
the GC content is more than 50% and the CpG/GpC ratio
is greater than 0.6 (Gardiner-Garden and Frommer 1987).
If a polymorphic base was found to be inside a CpG island
by these criteria, then the location of that SNP was clas-
sified as a ‘‘CpG island,’’ regardless of its annotated
location (see below). For the record, the majority of the
SNPs in CpG islands were annotated as residing within
intergenic noncoding DNA (88) or introns (35), as ex-
pected (Bird 1986; Aı̈ssani and Bernardi 1991). Smaller
numbers of SNPs in CpG islands were located in 59
untranslated regions (10), protein-coding sequences (11),
39 untranslated regions (one), or pseudogenes (zero).

The classification of all other SNPs (transitions in CpG
or GpC dinucleotides) was performed by a second PERL
computer program written by the authors, which parsed the
SNP locations within annotated GenBank files into 59
untranslated regions (260 SNPs), protein-coding sequences
(187 SNPs), introns (1,222 SNPs), 39 untranslated regions
(52 SNPs), pseudogenes (three SNPs), and intergenic
noncoding DNA sequences (excluding CpG islands)
(2,568 SNPs). The following input data files were used to
classify annotated SNP locations on human chromosome
21 (accession numbers with version number): NT_
011512.9, NT_011515.10, NT_029490.3, NT_030187.1,
and NT_030188.3. The following input data files were
used to classify annotated SNP locations on human
chromosome 7 (accession numbers with version number):

NT_007741.12, NT_007758.10, NT_007819.14, NT_
007914.13, NT_007933.13, NT_023603.5, NT_
023629.12, NT_029998.6, NT_030008.6, NT_033968.5,
NT_034885.3, NT_077528.1, NT_078033.1, NT_
079514.1, NT_079515.1, NT_079516.1, NT_079590.1, NT_
079591.1, NT_079592.1, NT_079593.1, NT_079594.1,
NT_079595.1, NT_079596.1, and NT_079597.1.

Results
SNPs in CpG and GpC Dinucleotides

SNPs that were produced by a CpG ! TpG mutation
can be distinguished from SNPs that were caused by the
reverse mutation (TpG ! CpG) by using the chimpanzee
as an out-group to determine which of the two poly-
morphic bases was ancestral. We found 18,801 SNPs in
human single-copy DNA that had a known ancestral base
in the chimpanzee (see Methods). From these, we further
found that 4,437 SNPs were produced by transition
mutations in ancestral CpG or GpC dinucleotides (fig.
2A). Because the GpC dinucleotide is not methylated
in mammalian genomes (Razin and Riggs 1980), it
follows that the mathematical difference (CpG transition
rate minus GpC transition rate) represents the rate of
methylation-dependent transitions; in other words, muta-
tions that result from the deamination of 5mC. This dif-
ference was exponentially dependent on local GC content
(fig. 2B). A semilog10 plot of the rate of 5mC deamination

FIG. 2.—Rates of 5mC deamination, based on human SNPs with a known ancestral base, plotted with respect to the GC content of neighboring
sequences (the orthologous chimpanzee genomic contig [seeMethods]). (A) Black bars show the rate of CpG! TpG or CpG! CpA base substitutions
per CpG dinucleotide in human SNP sequences with a known ancestral base. White bars show the corresponding rate of GpC ! GpT or GpC ! ApC
base substitutions per GpC dinucleotide in the same set of SNP sequences. (B) Striped bars show the mathematical difference between adjacent black
and gray bars (inferred 5mC deamination rate). (C) A semilog10 plot of the 5mC deamination rates from figure 2B. The linear regression line is shown
(equation Y ¼ 0.1 2 2.8X, r2 ¼ 0.96). (D) A semilog10 plot of the 5mC deamination rates, calculated as in (C) but using only SNPs in intergenic
noncoding DNA sequences (see Methods and figure 3A). The linear regression line is shown (equation Y¼ 0.2 2 3.0X, r2 ¼ 0.98).
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(with respect to the GC content of the homologous genomic
region) had a slope of22.8 (fig. 2C), with 95% confidence
limits of 22.0 to 23.5. This is in good agreement with the
slope of23.0 that was predicted based on DNA melting as
a function of base composition (Fryxell and Zuckerkandl
2000).

The Distribution of CpG and GpC SNPs with Respect
to Functional Domains

The potential influence of differential methylation of
CpG islands (Bird 1986; Gardiner-Garden and Frommer
1987; Aı̈ssani and Bernardi 1991) and differential DNA
repair of transcribed sequences (Green et al. 2003) was
addressed by repeating this analysis using only transitions
in ancestral CpG and GpC dinucleotides that also

happened to be located within intergenic noncoding
DNA sequences (i.e., excluding all exons, introns, and
CpG islands). To accomplish this, each of our 4,437 SNPs
representing transition mutations in CpG or GpC dinu-
cleotides were further classified according to the location
of the polymorphic base in the annotated human genome
sequence (see Methods). The numbers of SNPs in each
category are listed in Methods, and their distribution with
respect to the GC content of neighboring sequences is
shown in figure 3.

Semilog plots of 5mC deamination in intergenic
noncoding DNAs (excluding CpG islands) produced
results that were indistinguishable from the total data set
(compare figure 2C versus D). More specifically, a semi-
log10 plot of the rate of 5mC deamination in intergenic
noncoding DNA (with respect to the GC content of the

FIG. 3.—The distribution of the SNPs used in figure 2, with respect to annotated location and the GC content of neighboring sequences (the
orthologous chimpanzee genomic contig [see Methods]). (A) Intergenic noncoding DNA, (B) protein-coding sequences, (C) 39 untranslated regions (39-
UTR), (D) 59 untranslated regions (59-UTR), (E) introns, (F) CpG islands. One additional category (pseudogenes) is not shown here, because we found
only three SNPs in pseudogenes (that corresponded to transitions in ancestral CpG or GpC dinucleotides), and such small numbers were not visible
when this figure was drawn to scale.
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homologous genomic region) had a slope of 23.0 (fig.
2D), with 95% confidence limits of 22.4 to 23.6. This
agrees exactly with the slope of 23.0 that was predicted
based on DNA melting as a function of base composition
(Fryxell and Zuckerkandl 2000). Because figure 2D did
not include SNPs from exons, introns, or CpG islands, it
follows that this slope was not generated by transcription-
coupled DNA repair (Green et al. 2003), transcription-
induced cytosine deamination (Francino and Ochman
2001), or the demethylation of CpG islands during part
of the life cycle (Frank et al. 1991). We will defer the issue
of the accuracy of the annotation of the human genome
until the Discussion section.

The Turnover of CpG and GpC Dinucleotides
Throughout the Human Genome

The analysis in figure 2 was limited to single-copy
DNA sequences on two chromosomes (see Methods) and
further required inferences based on sequence compar-
isons to the chimpanzee. We, therefore, sought to confirm
whether this same pattern of CpG turnover could be
discerned on other human chromosomes and without
requiring inferences from another species. To do this, we
analyzed SNP frequencies directly, without reference to
any out-group. This approach was based on the fact that
deamination of 5mC produces a CpG ! TpG (or CpG !
CpA) base substitution, which would be represented in
a SNP database as a YG or CR dinucleotide. Of course, the
reverse substitution, TpG ! CpG or CpA ! CpG, could
also produce a YG or CR dinucleotide. Consider the
following equation:

CpGtrans ¼ ðYGþ CRÞ=CG ð1Þ
where Y and R represent C/T and G/A polymorphisms,
respectively. YG, CR, and CG represent the number of
occurrences of each of those dinucleotides in a SNP
database. Thus, equation 1 provides an estimate of the rate
of CpG turnover. More specifically, equation 1 indicates
the rate at which transition base substitutions cause SNPs
that create or destroy CpG dinucleotides. We can also
readily calculate the comparable turnover rate for GpC
dinucleotides:

GpCtrans ¼ ðGY þ RCÞ=GC ð2Þ

In this case, the mathematical difference CpGtrans 2
GpCtrans represents the additional turnover in CpG dinu-
cleotides that is attributable to DNA methylation. This
formula can be readily applied to the entire human genome.
In fact, computational analysis of 3,102,839 human SNPs
longer than 50 bp showed that the difference (CpGtrans 2
GpCtrans) varied over a 50-fold range and was strongly
dependent on the GC content of the neighboring DNA
sequence (fig. 4A and B). Linear regression analysis of
a semilog10 plot gave a best-fit slope of 22.7 (95%
confidence limits of 22.1 to 23.2 [see figure 4C]), which
was essentially identical to the slope obtained with all SNPs
that have a known ancestral base (22.8 [see figure 2C]).
Again, both are in good agreement with the theoretical slope
of 23.0 predicted from DNA melting as a function of base
composition (Fryxell and Zuckerkandl 2000).

This analysis of all human SNPs were plotted with
respect to the GC contents of the human SNP sequences
(fig. 4C), whose modal length was 564 bp (fig. 1A). In
contrast, our previous analysis of 5mC deamination based
on human SNPs with a known ancestral base was plotted
with respect to the GC content of the orthologous chim-
panzee genomic contig (fig. 2C), whose modal length was
163 kb (fig. 1B). Both methods of analysis yielded
essentially the same result (see above), notwithstanding
a 290-fold difference in the lengths of the neighboring
sequences over which GC content was measured. More-
over, one method used the GC content of the orthologous
chimpanzee genomic contig (because it was a convenient
sequence of appropriate length), but the other method used

FIG. 4.—Rates of CpG turnover, based on SNP frequencies in the
human genome. See equations 1 and 2 inResults. (A) The values ofCpGtrans

(black bars) andGpCtrans (white bars) with respect to SNP GC content. (B)
The mathematical difference CpGtrans 2 GpCtrans (striped bars), as
a function of SNP GC content. (C) A semilog10 plot of CpGtrans 2
GpCtrans¼ 5mC deamination rate, as a function of SNP GC content. The
linear regression line is shown (equation Y¼20.42 2.7X, r2¼0.91).
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the GC content of the human SNP sequences themselves
(because the larger sample size averaged out the variations
in shorter sequences). This shows that neither the human-
chimp species difference nor the varying lengths over
which GC content was measured had a significant effect
on the slope of semilog plots of 5mC deamination.

Discussion
Does Differential DNA Methylation Cause the
Correlation Between CpG Underrepresentation and
GC Content?

CpG islands are hypomethylated (Bird 1986;Gardiner-
Garden and Frommer 1987; Aı̈ssani and Bernardi 1991).
More specifically, CpG islands are methylated during
a subset of the life cycle (Frank et al. 1991). Mathematical
analysis indicates that the hypomethylation of CpG islands
reduces their CpG mutation rates approximately twofold
(with the remainder of the rate reduction being attributable to
their GC content [see Fryxell and Zuckerkandl f2000g]).
Sequence analysis of the human genome has shown that
CpG islands account for 19.8 Mb of the 3,289 Mb sequence
(Lander et al. 2001), or 0.6% of the total. Obviously, the
inclusion or exclusion of CpG islands should have little
effect on the overall correlation between CpGmutation rates
and GC content, and we confirmed that was the case
(compare figure 2C versus D).

Another question is whether there is any systematic
relationship between GC content and DNA methylation
patterns in the human genome. The levels of 5mC have
been measured in compositional DNA fractions from
human cells (Caccio et al. 1997), and the results showed
a positive correlation between 5mC levels (which ranged
from 0.4% to 0.8% of total bases) and GC content (which
ranged from 35% to 50%). Over this same range of GC
contents in noncoding DNA (introns), CpG dinucleotides
ranged from approximately 0.5% to 1.5% of total
dinucleotides (Aı̈ssani and Bernardi 1991). Thus, the
majority of all CpG dinucleotides in noncoding DNA are
methylated in both AT-rich and GC-rich fractions.

Does Transcription Cause the Correlation Between CpG
Underrepresentation and GC Content?

Separate semilog plots of 5mC deamination in
protein-coding sequences and introns had lower best-fit
slopes (21.6 and 21.9, respectively), although the smaller
sizes of these samples increased their 95% confidence
limits to the point where these differences from the
theoretical slope of 23.0 (Fryxell and Zuckerkandl 2000)
were not statistically significant (not shown). In any case,
it is evident that transcription-induced cytosine deamina-
tion (which tends to increase 5mC deamination [see
Francino and Ochman f2001g]) and transcription-coupled
DNA repair (which tends to decrease inherited transitions
in CpG dinucleotides [see Green et al. f2003g]), when
taken together, had a relatively minor net effect on SNP
frequencies in CpG and GpC dinucleotides. In fact, we
found that SNPs in protein-coding sequences represented
4.5% of the total transitions in CpG and GpC dinucleotides
(see Methods and figure 3C). This is threefold larger than

the 1.5% of the human genome that consists of protein-
coding sequences (Lander et al. 2001; Waterston et al.
2002). However, we found that the computational partition
of our human genomic contigs (accession numbers listed
inMethods) into protein-coding versus noncoding sequences
yielded a total of 15,795,547 bp of protein-coding
sequences and 292,679,549 bp of noncoding sequences
(disregarding possible overlaps between contigs). In other
words, protein-coding sequences accounted for approxi-
mately 5.1% of the DNA in our sample, which agrees
rather well with the 4.5% of the total transitions in CpG
and GpC dinucleotides (see Methods and figure 3C). This
implies that purifying selection has caused a rather small
reduction in the number (not the abundance) of SNPs in
protein-coding sequences and is consistent with the
observation that the number of synonymous SNPs is
approximately equal to the number of nonsynonymous
SNPs in human protein-coding sequences (Bentley 2003).

The distribution of SNPs was also proportional to
DNA lengths in introns, which represented 28% of the
total transitions in CpG and GpC dinucleotides (see
Methods and figure 3B) and also represented approxi-
mately 28% of the annotated human genome sequence
(based on estimates of about 30,000 genes with an average
of 30 kb of intron sequences per gene [see Lander et al.
f2001g and Waterston et al. f2002g]). Thus. transcription-
coupled DNA repair does not substantially bias the
numbers of these SNPs. We will discuss the accuracy of
the annotations on which these classifications were based
in a separate section (see below).

To What Extent Do the Present Results Depend on the
Accuracy of the Human Genome Annotation?

Comprehensive comparisons of expressed sequence
tag (EST) sequences from various species suggests that the
list of identified protein-coding transcripts in the human
genome is nearing completion (Nekrutenko 2004). How-
ever, some authors have suggested that additional
functional transcription units (presumably noncoding)
may cover at least half the human genome (Sémon and
Duret 2004). This assertion was based on regional
differences in transposon abundance and orientation.
These may represent the fossil traces of transcripts that
were functional during the historical periods when those
transposons were active (Arndt, Petrov, and Hwa 2003) or
may even represent the sort of transposon insertion biases
that have been observed in Drosophila (Rio 2002). In any
case, our results remained essentially unchanged, regard-
less of whether all known human exons, introns, and CpG
islands were included or excluded (fig. 2C and D).
Therefore, it is unlikely that the inclusion or exclusion of
additional genes (i.e., in future revisions of the human
genome annotation) would significantly affect our results.

Is the Correlation Between CpG Underrepresentation
and GC Content a Mathematical Artifact?

It has been proposed that the correlation of the CpG/
GpC dinucleotide ratio with GC content was a mathe-
matical artifact (Duret and Galtier 2000). However, the
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computer simulations used to support this hypothesis
assumed that the rate of 5mC deamination was unaffected
by GC content. This (somewhat circular) assumption was
refuted by our counts of human SNP frequencies (figs. 2
and 4). Moreover, Duret and Galtier (2000) used simulated
sequences that were limited to 3 bp in length and further
limited because only the middle base was allowed to
mutate (Duret and Galtier 2000). Comprehensive simu-
lations of 100-kb sequences, in which all bases were
allowed to mutate, produced significantly different results
(Fryxell and Zuckerkandl 2000) that were consistent with
the 5mC deamination rates shown here.

Is the Correlation Between CpG Underrepresentation
and GC Content a Fossil Remnant of Premammalian
Mutational Pressures?

Another alternative hypothesis was that regional
differences in mutation biases (including CpG mutation
rates) were correlated with local GC content in ancient
vertebrates, but this correlation disappeared at the time of
the radiation of eutherian mammals (Arndt, Petrov, and
Hwa 2003). We do not address the question of mutation
bias in general, but we do show here that the current
frequencies of CpG ! TpG mutations are strongly corre-
lated with local GC content in the present-day human
population (figs. 2 and 4). This discrepancy is probably
caused by the different methods used to measure regional
mutation rates. Arndt, Petrov, and Hwa (2003) utilized
sequence comparisons between non-LTR retrotranspo-
sons, which are incapable of self excision and, thus, can
provide useful phylogenetic markers (Batzer et al. 1996;
Moran and Gilbert 2002). However, exhaustive analysis
has shown that the average human genome contains about
80 to 100 copies of L1 elements that have transposition
activity in cell culture assays (Brouha et al. 2003).
Moreover, the majority of full-length transposed daughter
elements in these assays are also initially capable of
replicative transposition (DeBerardinis et al. 1998). Al-
though six ‘‘hot’’ L1 elements account for the majority of
the current L1 transposition events, it is also true that three
of these elements belong to the same subclass (Ta-1d).
Moreover, the three youngest L1 subclasses (Ta-1d, Ta-nd,
and Ta-0) were represented by 12, seven, and 10 active L1
elements, respectively, located at widely separated chro-
mosomal sites (Brouha et al. 2003; Lutz et al. 2003). Thus,
the hypothesis that each transposon subclass corresponds
to a single active copy at a single chromosomal site
(Deininger et al. 1992) is no longer tenable. In fact, even
highly diverged older Alu subfamilies and noncanonical
L1 elements do continue to transpose (Brouha et al. 2003;
Johanning et al. 2003; Lutz et al. 2003). Inactive trans-
posons also exchange information without transposition,
by gene conversion and unequal crossing over (Belmaaza
et al. 1990; Graur and Li 2000; Hardies et al. 2000; Roy
et al. 2000). The molecular consequences of gene conversion
have been clarified in Drosophila, where continuous
gene conversion tracts were found to be 0.2 to 3.1 kb in
length (Curtis et al. 1989). Such events would frequently
pass undetected in mammalian retrotransposons because
they would completely erase the diagnostic positions in

most Alu and many L1 elements. In other words, several
molecular processes do cause retrotransposons to inherit
base substitutions that originally occurred at other chro-
mosomal sites.

Does Biased Gene Conversion Cause the Correlation
Between CpG Underrepresentation and GC Content?

Another alternative hypothesis is that regional varia-
tions in mutation bias were influenced by regional variation
in the rates of recombination, gene conversion, and biased
DNAmismatch repair (Galtier et al. 2001). The rationale for
this ‘‘biased gene conversion’’ hypothesis is closely related
to cytosine deamination because the biases in mammalian
DNA mismatch repair are primarily attributable to enzy-
matic adaptations that facilitate the repair of the U:G and
T:G base pair mismatches resulting from cytosine de-
amination (Brown and Jiricny 1988; Friedberg, Walker,
and Siede 1995; Lieb and Bhagwat 1996; Fryxell and
Zuckerkandl 2000). Mammalian recombination rates are
positively correlated with GC content, although the
correlation is rather weak (Galtier et al. 2001).

Mammals possess several thymine glycosylase en-
zymes, which appear to be specialized for the repair of
5mC deamination events (Hendrich et al. 1999). These
thymine glycosylases are less efficient than the uracil
glycosylases that repair GpC deamination events (Gallinari
and Jiricny 1996; Kavli et al. 2002). Another difference is
that uracil glycosylases must repair the DNA before it is
replicated, whereas thymine glycosylases could continue
to repair a mutation in subsequent generations, including
the heteroduplex DNAs formed during gene conversion
events. Thus, the ‘‘repair’’ of 5mC deamination events
(TpG) might be more responsive to the rates of gene con-
version than the ‘‘delayed repair’’ of GpC deamination
events (GpT) because of the additional enzymes that are
specifically adapted to repair the former.

In any case, we found that the frequency of human
SNPs caused by transitions in GpC dinucleotides showed
little variation with GC content (white bars in figure 2A).
However, replotting this data on a semilog scale gave
a best-fit slope of 20.8 (with 95% confidence limits from
20.6 to 21.0 [data not shown]). In a similar fashion, we
also replotted the turnover of GpC dinucleotides through-
out the human genome (white bars in figure 4A) on
a semilog scale, which gave a best-fit slope of 20.5 (with
95% confidence limits from 20.1 to 20.8 [data not
shown]). Because both slopes were significantly different
from zero, we cannot rule out the possibility that our
results may be caused by biased gene conversion (Galtier
et al. 2001). However, it seems more likely that the GpC
slopes reflect regional differences in the deamination of
unmethylated cytosines (Fryxell and Zuckerkandl 2000),
together with finite rates of uracil repair.

Conclusions

DNA melting is the rate-limiting step for 5mC
deamination (Lindahl and Nyberg 1974; Frederico, Kunkel,
and Shaw 1990, 1993; Fryxell and Zuckerkandl 2000).
Although this fact is well established, it does not necessarily
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follow that differential DNA melting is solely responsible
for the correlation between CpG underrepresentation and
GC content in the human genome. If it were solely respon-
sible, then plots of the log10 CpG mutation rate versus GC
content (expressed as a decimal fraction) should ideally
have a slope of 23.0 (Fryxell and Zuckerkandl 2000).
Based on an analysis of SNP frequencies in the human
genome, we show that the best-fit slope is actually22.7 for
all SNPs and 23.0 for intergenic noncoding DNA
(excluding CpG islands). This shows that the slope of 23
could not be specifically caused by exons, introns,
differential methylation of CpG islands, transcription-
coupled DNA repair, or transcription-induced cytosine
deamination. Nor could regional differences in DNA
methylation explain our results, because the majority of
the CpG dinucleotides throughout the human genome are
methylated (see above). By comparing alternative methods
of analysis, we further show that our results neither
depended on the DNA lengths over which the GC content
of neighboring sequences was measured nor were they an
artifact of the chromosomes or sequence comparisons used
to identify the ancestral base.

We did observe a small but significant correlation
between GC content and the rates of transitions in GpC
dinucleotides inferred from human SNPs. This is consis-
tent with the biased gene conversion hypothesis (Galtier
et al. 2001), which implies that deamination events in both
CpG and GpC dinucleotides would be ‘‘corrected’’ at
higher rates by biased gene conversion in GC-rich se-
quences with higher rates of recombination. However, it is
also consistent with the reaction mechanism of cytosine
deamination itself (Fryxell and Zuckerkandl 2000). That
is, unmethylated cytosines in GpC dinucleotides undergo
deamination at lower rates in GC-rich sequences because
of reduced DNA melting. This explanation is both simpler
and more precise because it successfully predicts the slope
of the 5mC deamination mutation rate with respect to
neighboring GC content.
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