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Abstract

The frequency and distribution of the rare dinucleotide CpG
was examined in 15 mammalian genes. CpG is highly methylated at
cytosine in mammalian DNA (1,2) and 5-methylcytosine (5mC) is
thought to undergo a transition mutation via deamination to produce
thymine (3). This would result in the accumulation of TpG and CpA
and depletion of CpG during evolution (4). Consistent with this
hypothesis, the gene sample of 26,541 dinucleotides contained CpG
at 40% the frequency expected by base composition and the CpG
transition products, TpG+CpA, were significantly elevated at 124%
of expected random frequency. However, because CpG occurs at only
25% of expected random frequency in the genome, the sampled genes
were considerably enriched in this dinucleotide. CpGs were
asymmetrically distributed in sequences flanking the genes. 5'-
flanking sequences were enriched in CpG at 135% of the frequency
expected assuming a symmetrical distribution of all the CpGs in the
sampled genes (p < 0.01), while 3'-flanking regions were depleted
in CpG at 40% of expected values (p < 0.0001). This asymmetry may
reflect the role of 5-methylcytosine in gene expression. In
contrast the frequencies of GpC and GpT+ ApC did not differ
significantly from that predicted by base composition and these
dinucleotides were not asymmetrically distributed.

INTRODUCTION

Mammalian DNA contains approximately 1 mole % 5-methylcytosine
(5mC) of which about 90% is found in the relatively rare dinu-
cleotide CpG (reviewed in 1,2). CpG occurs at about 1% of all
dinucleotides in the genome compared to 4% measured for GpC and
expected froh base composition alone. As proposed by Salser (3),
spontaneous deamination of 5mC to thymine generating the transition
mutation products TpG and CpA may explain the low frequency of CpG
in vertebrate DNA. Consistent with the hypothesis, Bird (4) has
shown that there is a negative correlation between total genomic
frequency of TpG+CpA versus CpG among vertebrate and invertebrate
species differing in CpG content. As one test of the hypothesis at
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the gene level, we have measured the frequencies of CpG and TpG+CpA
in coding and noncoding regions of 15 mammalian genes and report
the findings here.

Cytosine methylation is also thought to play a role in the
regulation of eukaryotic gene expression. In particular, several
lines of evidence suggest that undermethylation of a gene is gen-
erally necessary but not sufficient for the gene's expression
(reviewed in 1,2). We have, therefore, measured the frequency and
distribution of CpG in six regions of the sampled genes for which
sequence data were available (5'- and 3'-flanking regions; coding
and intervening sequences; and 5' and 3' untranslated mRNA re-

gions).

METHODS

Numbers of dinucleotides were obtained from published se-
quences (see Table 1) using the SEQ program of the SUMEX MOLGEN
computer of Stanford University, Stanford, CA. Expected number of
dinucleotides in Table 3 were calculated from the base composition

of each region, which assumes a random distribution of the bases.

2 _ (observed-expected)
expected

degree of freedom, a value of 4 was significant at p < 0.5 and a
value of 7 at p < 0.01.

In the x2 test, X Since there was one

In Table 4 a random distribution of CpG's between regions was
assumed. For each gene the size of each region and its C + G
content relative to the whole gene were used to calculate expected
numbers of dinucleotides which were then summed over all genes to
give a cumulative total for each region. This was compared to the
total observed number by use of a x2 test. Thus expected number of

CpG for a region =
number of bases in the region

X (number of CpG obs. x number of bases in gene

over
all
genes

p(C) x p(G) in the region
p(C) x p(G) in the gene
where p(C) and p(G) are the proportion of C and G in the sequence.

X

A similar procedure was followed for the other dinucleotides.
In Table 5 a pairwise comparison of dinucleotide frequencies
between the 5' flanking sequences and each of the other gene

regions was performed. The expected number in each comparison was
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calculated assuming that the 5' flanking sequences had the same
expected dinucleotide frequency as each of the other regions. Thus
the 5' flanking sequence expected number compared to regioni =

number of CpGs observed in regioni

number of bases in 5' flanking seq.
number of bases in region;
p(C) x p(G) in 5' flanking seq.
p(C) x p(G) in region;

X

Manipulation of data was performed using an Apple II+ micro-

computer and programs in Applesoft Basic written by M.M.

RESULTS

Genes used in the analysis are listed in Table 1 along with
the number of base pairs in each of the six regions. Most of the
sequences and dinucleotide frequencies were obtained by accessing
the Stanford University SUMEX MOLGEN computer data file. Analysis
was limited to genes from a single evolutionary order (mammals:
human, rats and mice), and to genes transcribed by RNA polymerase
II. Furthermore, we avoided using more than two members of closely
related gene families and chose those for which 5' and 3' flanking
sequences were available. Although a large nucleotide sequence
database exists, most of it consists of cDNAs and closely related
gene families such as the immunoglobulins. Distantly related genes
were, however, used such as the human a2 and B globin genes esti-
mated to have diverged 500 million years (Myr) ago (26). The o and
B globin genes share about 50% sequence homology in coding regioms,
but have little homology in their intervening and flanking sequen-
ces (18,26). A total of 11 genes fitting the above criteria were
available. In addition four cDNAs were included in the sample to
increase the size of the 5' and 3' untranslated regions.

CpG Versus TpG+CpA Frequencies

Table 3 contains the number of CpG and GpC dinucleotides and
the number of TpG, CpA, GpT and ApC in the total sequence sample
and in each of the gene regions. Statistical significance was
evaluated by a x2 test (see METHODS) against frequencies expected
from the base composition of each region and of the total sequence.
Base compositions are given in Table 2. 698 CpGs were found in the
total sample which is 40% of the 1764 expected from base composi-

tion. This low value is significant at p < 0.0001. By contrast,
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Table 2. Base compositions

Gene regionsa Proportion of each base

a) ©) ()] (T)  C+G%
5'flanking .289 .236 .263 .212 49.9
5'untranslated .276 .319 .191 .213 51.0
coding sequences .235 281 .275 .210 55.5
intervening sequences .226 .250 .245 .258 49.5
3'untranslated .247 .244 .198 .310 44.3
3'flanking .259 .214 .223 .304 43.7
total sequence .244 .257 .252 .248 50.9
genomic average .288 .206 .213 .293 41.9

a Coding strand values;
Taken from the values compiled by Shapira (30).

the "internal control" dinucleotide GpC was not significantly
different from expected random frequency (p > 0.1). The CpG tran-
sition products TpG + CpA occurred at 124% of expected frequency in
the total sample, a value significantly greater than expected (p <
0.001) while GpT + ApC were 83% of expected, significantly lower
than random. Scarcity of CpG and increased abundance of TpG and
CpA were found in all regions of the gene sample. Overall these
results support the hypothesis (3,4) that a proportion of 5mCpGs
have mutated to TpG/CpA during the course of mammalian gene evolu-
tion.

It has been proposed (1,3) that CpGs would be retained prefer-
entially in coding regions where selection against mutation to
TpG/CpA would be strong, and would be depleted in noncoding DNA
where selection would be less likely to occur. By the same argu-
ment, TpG and CpA should be depleted in coding DNA and enriched in
noncoding DNA. These expectations were met in part by the data in
Table 3 in that on average CpG was more enriched in coding sequen-
ces (47%) than most noncoding DNA, e.g. intervening sequences
(34%). However, the transition products were also enriched in
coding sequences (137%) compared to intervening sequence DNA
(118%), as was GpC at 106% vs 82%. A likely explanation for these
findings is preferential codon usage (31). For instance, TpG and
CpA each occurred at elevated but significantly different frequen-
cies in coding DNA at 152% and 120%, respectively, whereas in
intervening sequences, they each occurred at nearly equal frequen-

cies (114% and 110%, respectively). A similar enrichment for these
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dinucleotides in coding DNA from birds, mammals and tumor viruses
has been reported by Nussinov (32). There does, however, seem to
be an inverse correlation between the average CpG and the average
TpG and CpA frequencies in noncoding DNA; the 5' flanking sequences
have higher CpG levels than the 3' flanking sequences. For TpG and
CpA this situation is reversed. Intervening sequences and non-
coding regions with intermediate levels of CpG have intermediate
levels of TpG and CpA.

Asymmetrical Distribution of Dinucleotides

Although the frequency of CpG in the gene sample was only 40%
of expected, this amounted to 2.6% of all dinucleotides in the
sample, i.e., 2.6-fold greater than the genomic frequency of 1%.
Furthermore CpG's were not uniformly distributed among the gene
regions as the data in Table 3 shows. This disparity is illus-

trated graphically in Figure 1 where the ratio of observed to
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Figure 1. The observed/expected ratios for CpG, GpC and TpG and CpA
were plotted against each of the six gene regions. Error bars
were calculated as a variance from the means given in Table 3.
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expected frequency of CpG, GpC and of TpG + CpA in the genome,
total sequences, and the average for each gene region are plotted
as a histogram. The 5' flanking region contained a high density of
CpGs (3.5%) while the 3' flanking region was comparatively depleted
compared to all other regions (0.8%). In fact, only the 3' flank-
ing sequences contained CpG near the genomic frequency of 1%.
Coding DNA and the untranslated noncoding DNAs were more abundant
in CpG than the genome, containing 3.6% and 2.0% CpG respectively.
Enrichment of CpG levels in globin coding sequences has also been
reported by Salser (3).

The expected CpG content of each region sample was calculated
assuming a random symmetrical distribution of all 698 CpGs in the
total sequence sample and corrected for the G+C content of each
gene region (see METHODS). The results are presented in Table 4.
A x2 test indicated that the scarcity of CpG in the 3' region
sample was significant to p < 0.001 and the abundance of the
dinucleotide in the 5' region was significant to p < 0.01. 1In
contrast, the observed frequencies of GpC, CpA, GpT and ApC in
these regions were not significantly different from those expected
from base composition. However, TpG was significantly less common
than expected in the 5' flanking sequence. The statistical signif-
icance of increases in the frequencies of GpC and TpG (p < .05) in
coding sequences (Table 4) may be due to the much larger sample
sizes for these regions and biases in codon preference (31). ApC
was higher than expected in the 5' untranslated region and GpC was
depleted in intervening sequences. Some other dinucleotides also
show consistent deviations from expected in some regions (M.

McClelland, in preparation).

Table 5. 5' flanking sequence normalized to each of the other gene regions

5'flanking Normalized to Normalized to Normalized to Normalized to Normalized to Normalized to
sequence 5' untranslated coding intervening 3' untranslated 3' flanking total

dinucleotide # #  %f # %of , 4 %f , F Wf , # Wf , F Yf
obs exp exp X exp exp X° exp exp X° exp exp X exp exp X exp exp X

CpG 98 60 165 25 86 115 <4 62 159 21 52 188 40 30 326 154 73 135 9
GpC 180 179 101 <4 194 93 <4 151 119 6 181 100 <4 175 103 <4 177 102 <4
TpG 148 192 7 10 228 65 28 171 87 <4 205 87 <4 200 74 14 188 9 9
CpA 189 232 81 9 208 91 <4 205 92 <4 171 111 <4 217 87 <4 200 95 <4

GpT 127 150 85 <4 121 105 <4 123 103 <4 124 103 <4 135 94 <4 120 106 <4
ApC 129 197 65 24 149 86 <4 148 87 <4 161 80 7 152 85 <4 146 88 <4

Deviations from expected are underlined if they differ by more than 25% from expected or if p < 0.01.
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The above test suffered the disadvantage that nearly 50% of
the total sequence used in the normalization was coding DNA in
which selection for sequence is different from that in noncoding
DNA. Since coding DNA contained 3.6% CpG while noncoding untrans-
lated regions each contained CpG at about 2.0%, the comparison with
the total sequence was biased for higher CpG content contributed by
the coding sequences. Accordingly, statistical significance was
reassessed, using the same normalization method, in a pairwise
comparison of CpG in the 5'-flanking region to each of the other
gene regions. Table 5 shows that CpG enrichment in the 5' flanking
region was statistically significant to p < 0.001 when compared to
the untranslated RNA and 3' flanking sequences, but it was not
significant compared to coding DNA, p > 0.05. In contrast GpC
abundance did not differ from that expected by base composition
when the 5' flanking region was compared to any other region (p >
0.1). Enrichment for CpG in the 5' flanking region and its scarc-
ity in the 3'flanking region may well be a general feature of an

average mammalian gene region transcribed by RNA polymerase II.

DISCUSSION

In this study the frequency and distribution of CpG and
related dinucleotides was measured in fifteen mammalian genes and
cDNAs. CpG was consistently lower than expected random frequency
in the total sequence sample while its transition mutation products
TpG and CpA (3) were generally more abundant than expected. These
observations support the finding of a negative correlation between
these dinucleotides in the total genomic DNA among species as
reported by Bird (4). Furthermore, since 90% of 5mC is contained
in CpG in vertebrates (1,2), these observations are also consistent
with the hypothesis that 5mC is hypermutable via deamination to
thymine (3).

The level of CpG of 2.6% in the total sample was much higher
than the mammalian genomic average of 1.0%. However the difference
between the gene sample and the genome could not be accounted for
by variation in G+C content, nor was it confined to coding regions
where selection for amino acid sequences takes place. One possible
explanation for the observed disparity is that CpGs in genes in the

germline remain relatively undermethylated relative to genomic
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sequences and are less mutable as a consequence. A second, though
not mutually exclusive, explanation may be that genes have main-
tained CpG levels by selection because of the role of 5mC in regu-
lation (1,2,33-38). This could also account for the significant
asymmetry in the frequency of CpG in the 5' and 3' flanking regions
(Tables 4 and 5). Indeed, a 200 bp segment upstream from the mRNA
transcription start site for the chicken adult B-globin gene was
found to be hypersensitive to DNA nucleases and contained 70% C+G
and 17 CpGs (33). Undermethylation of this region has been cor-
related with expression of the B-globin gene (34,35). However, it
should be noted that our sample may not be typical of all mammalian
genes because it contained predominantly tissue-specific genes
whose expression has been correlated with changes in cytosine
methylations (34,35,38). Such genes may have a higher average CpG
content than consitutively expressed genes.

Accurate measurements of 5mC levels in various human cell
types and tissues (including sperm) have recently been reported by
Ehrlich et al. (39). Repeated sequences comprised 40% of the
genome and contained about 1.5 mole % 5mC while unique DNA com-
prised 60% of the genome and contained about 0.6 mole % 5mC. Since
genes analyzed here are found in unique sequences, these findings
imply that the high CpG levels in the sampled genes may not neces-
sarily mean a higher level of cytosine methylation. Furthermore,
Sano and Sager (40) have observed that CCGG is highly methylated in
bovine satellite DNA whereas :CG% is less methylated and varies in
a tissue-specific manner which implies that levels of CpG methyla-
tion can be overestimated when assayed by MspI/Hpall restriction
enzyme analysis.

Our findings and those of Erhlich et al. imply that a substan-
tial fraction of mammalian single-copy DNA may be low in CpG;
recall that a large fraction of CpGs must be methylated since about
90% of 5mC is in CpG and the genome contains 5mC and CpG at about 1
mole % each. It follows that repeated DNA which contains 1.5% 5mC
may have about 1.2% CpG (90% of 1.5%). Since genes contain 2.6%
CpG then most unique DNA external to genes must be very low in CpG.
Only then will enough CpG be available for 1.2 mole % CpG in
repeated DNA (40% of genome) and 2.6 mole % in genes (> 5% of

genome) while maintaining a genomic average near 1% for both 5mC
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and CpG. While this may seem unrealistic, a 600 bp segment down-
stream from the poly A site in the human HLA gene contains only one
CpG (23). In addition, as shown here, 3' sequences are depleted in
CpGs and Bird has reported that large segments of the sea urchin
genome are free of 5mC (41).

It is worth noting that our results represent average values
and many individual genes differ markedly from them. For instance,
human ay globin gene contains 84 CpGs in 1054 bp (or 8%) while the
B globin gene contains only 10 CpGs in 2165 bp (or 0.5%). This is
a 16-fold difference in CpG content between two genes that evolved
from a common ancestor, share about 50% coding sequence homology,
and are expressed in the same cell type albeit at different times.
A similar disparity has been found in coding DNA of rabbit a and B
globin genes (3). It seems unlikely that the considerable differ-
ences between these two distantly related genes arose by chance.
Some selective mechanism acting on CpG levels around these genes
must have taken place. Work is in progress evaluating variation in
CpG frequencies and distributions within gene families and their
pseudogenes, as one approach to this problem.

The enrichment in CpG of mammalian genes compared to the
genome and the asymmetrical distribution of CpG between gene
regions may be a general feature of mammalian DNA and reflect the
role of CpG in mammalian gene regulation. Indeed these features
are not found in bacterial or insect genes which do not have high
levels of CpG methylation and an equally striking but very differ-
ent distribution of CpG is found in higher plants which do have
high levels of 5mCpG (43)(M. McClelland, in preparation).
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