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CpG and TpA dinucleotides are underrepresented in the human genome. The CpG deficiency is due to the high
mutation rate from C to T in methylated CpG’s. The TpA suppression was thought to reflect a counterselection
against TpA's destabilizing effect in RNA. Unexpectedly, the TpA and CpG deficiencies vary according to the G+C
contents of sequences. It has been proposed that the variation in CpG suppression was correlated with a particular
chromatin organization in G+C-rich isochores. Here, we present an improved model of dinucleotide evolution
accounting for the overlap between successive dinucleotides. We show that an increased mutation rate from CpG
to TpG or CpA induces both an apparent TpA deficiency and a correlation between CpG and TpA deficiencies and
G+C content. Moreover, this model shows that the ratio of observed over expected CpG frequency underestimates
the real CpG deficiency in G+C-rich sequences. The predictions of our model fit well with observed frequencies
in human genomic data. This study suggests that previously published selectionist interpretations of patterns of
dinucleotide frequencies should be taken with caution. Moreover, we propose new criteria to identify unmethylated
CpG idlands taking into account this bias in the measure of CpG depletion.

Introduction

The frequency of occurrence of dinucleotides with-
in genomes has received much attention because some
of them significantly depart their expectations with re-
spect to base composition. Classically, these deviations
are measured by the ratio of observed over expected
dinucleotide frequency (XpYo/e = dyy/ny-ny, where ny
denotes the frequency of nucleotide X, and dyy is the
frequency of the dinucleotide XpY). It is well known
that in vertebrate species the frequency of dinucleotide
CpG is much (up to fivefold) lower than the product of
C and G frequencies (Bird 1980). Although the devia-
tion is less pronounced, the TpA dinucleotide is also
significantly underrepresented in vertebrate genomes
(Hanai and Wada 1988; Beutler et al. 1989; Karlin and
Mrazek 1997). In mammals, the CpG deficiency is the
consequence of a mutational bias. CpG is the target of
DNA-methyltransferase activity, resulting in the meth-
ylation of cytosine. Methylated CpG'’s have a high mu-
tation rate toward TpG (or CpA on the complementary
strand), decreasing the CpG frequency. In the regions
that escape methylation in the germ line (e.g., the pro-
moter regions of housekeeping genes), CpG dinucleo-
tides are less suppressed. As a consequence, these re-
gions (the so-caled “CpG islands”) appear relatively
CpG-rich compared with the rest of the genome (An-
tequera and Bird 1999).

The reason for the TpA scarcity is not clearly un-
derstood. However, UpA appears to be a preferential
target for ribonucleases (Beutler et al. 1989). Moreover,
Beutler et al. (1989) noticed that TpA is more strin-
gently excluded in DNA destined to be expressed in the
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cytosol (exons of protein-coding genes and tRNA and
rRNA genes) than in nontranscribed Y-chromosomal
DNA, DNA that is expressed only in mitochondria, and
DNA that is degraded within the nucleus (intron DNA).
This led the authors to propose that, by reason of their
instability, there was a selective pressure against UpA
dinucleotides in MRNA, tRNA, or rRNA sequences.

Unexpectedly, the deficiencies in CpG and TpA di-
nucleotides, measured by the ratio of observed to ex-
pected dinucleotide frequency (CpGole, TpAo/e), varies
according to the G+C contents of human genes: CpG
depletion is lower and TpA depletion higher in G+C-
rich than in G+C-poor genes (Hanai and Wada 1988).
The same trend has been observed within genes: both
the G+C content and the CpGole ratio are higher in 5’
untranslated regions (UTRs) than in 3" UTRs (Pesole et
al. 1997). On a larger scale, it has been shown that
CpGole is higher in G+C-rich parts of the genome
(G+C-rich isochores) than in G+C-poor regions (Ber-
nardi et al. 1985; Aissani and Bernardi 1991; Jabbari
and Bernardi 1998). Interestingly, these correlations
(positive and negative, respectively) between sequence
CpGole or TpAo/e and G+C content have aso been
found in RNA viruses (Rima and McFerran 1997).
However, the reason for these correlations was not
established.

We propose that the observed TpA deficiency (on
one hand) and the observed correlations between G+C
content, CpG deficiency, and TpA deficiency (on the
other hand) are essentially indirect consequences of the
mutational CpG depletion. We first present an intuitive
argument explaining the reasons for these effects, and
we then quantify them through an improved model of
dinucleotide evolution that accounts for overlaps be-
tween successive dinucleotides.

I ntuitive Argument

Consider a random sequence with independent di-
nucleotide frequencies (i.e., no neighboring effect). Now
suppose that many CpGs change to either TpG or CpA.



Table 1

Impact of CpG Mutations on Base Composition and
Dinucleotide Deficiency (observed/expected frequency) in
a G+C-Poor and a G+C-Rich Sequence
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Table 2
Base Composition and Dinucleotide Deficiency (observed/

expected frequency) in Coding and Noncoding Regions of
Human Genes

G+C-Poor G+C-RicH G+C% TpAole CpGole
SEQUENCE SEQUENCE Coding regions ... 55 + 8 051 = 0.1 046 = 0.1
Before After Mu- Before After Introns .......... 49 = 9 0.68 = 0.1 0.27 £ 0.1
Mutation® tation® Mutation® Mutation® 3’ UTR ......... 48 = 11 064 * 02 0.24 + 0.1
Base frequency NoTte.—Average values = SD. N = 545 human genes for which the com-
A 0.30 0.31 0.20 0.23 plete genomic sequence (introns and exons, including the entire 3' UTR) was
T o 0.30 031 0.20 023  available in GenBank.
Coveii 0.20 0.19 0.30 0.27
G oo 0.20 0.19 0.30 0.27
GH+C oo, 0.40 0.37 0.60 0.54
Fraction of mutated CpG ... 0.67 0.67 tation process. Therefore, we developed a model to sim-
Number of mutated CpG's .. 27 60 ulate the evolution of dinucleotide content in a sequence
CpG where CpG dinucleotides are under mutation pressure
Observed ............. 40 13 90 30 toward TpG or CpA. Nucleotide evolution is usually
Exgec;ed ------------- 42-88 33-2; 92-88 73-?& modeled as a four-state Markov chain, where each
PEOE oo ' ' ' ' change from one state to another is assigned a rate in
TpA continuous time (e.g., see Yang 1995). Sved and Bird
Observed ............. %0 %0 40 40 (1990) applied this approach to dinucleotides using a 16-
Expected ............. 9000 9822 4000 5297 . . .
ToAole ..o 100 092 100 076 state Markov chain. Their model, however, did not ac-

aA random sequence (1,000 nt) is mutated by changing 67% of its CpG's
to TpG or CpA. The base composition and the observed and expected numbers
of dinucleotides are indicated before and after mutation of CpG's.

This would increase the number of A's and T's. How-
ever, this would not change the number of TpAs and
would not generate new CpGs, since new dinucleotides
arising from such changes can only be NpT, TpG, CpA,
and ApN (where N is A, C, G, or T). Thus, this CpG
depletion has three noteworthy consequences. First,
since the number of T's and A's, but not the number of
TpAs, increases, the ratio TpAo/e (dra/Nyn,) tends to
decrease. Second, since the number of C's and G’s has
decreased, the expected number of CpGs in the new
sequence is smaller than the number of CpGs in the
original sequence. Therefore, the CpGole ratio under-
estimates the real CpG depletion. Finaly, both effects
are enhanced when the G+C content is high: therelative
increase in A and T frequencies induced by CpG deple-
tion is higher, resulting in an increased TpA deficiency
and a decrease in the expected number of CpGs.

To give an idea of the impact of CpG mutations,
we calculated the G+C content and the observed over
expected dinucleotide frequencies in a random sequence
where 67% of CpG’s would have been changed to TpG
or CpA. We calculated these values for G+C contents
(before CpG mutations) of 40% and 60%. As shown in
table 1, in both cases, CpG depletion induces an appar-
ent TpA deficiency. The CpGol/e ratio is higher than the
ratio of final/initial CpG frequencies (0.33). Thus, the
CpGole ratio underestimates the real mutation pressure
on CpG dinuclectides. Finally, the CpGo/e and TpAo/e
ratios are, respectively, higher and lower in the G+C-
rich than in the G+ C-poor sequence, in agreement with
observations from the human genome.

A Mode of Dinucleotide Evolution

The above approach is obviously simplistic because
it does not take into account the dynamics of the mu-

count for the overlap between successive dinucleotides.
The overlap induces dependencies among dinucleotide
frequencies that have important effects. A consequence
of neglecting the overlap is that the sum of the equilib-
rium frequencies of, say, ApN dinucleotides is different
from the sum of the equilibrium frequencies of NpAsin
Sved and Bird's (1990) study (their table 2), while both
should be equal to the frequency of A.

The simple model of dinucleotide evolution that we
present here accounts for the overlap between successive
dinucleotides. This model involves three parameters. It
is assumed that any nucleotide not currently involved in
a CpG doublet evolves according to Tamuras (1992)
model. This model has two parameters, namely, the tran-
sition/transversion ratio x and the equilibrium G+C
content 6, i.e., the G+C content that would be reached
if a sequence evolved according to this process during
a very long time. Under Tamura's (1992) model, a
change from anything to G or C occurs at rate 6 if it is
a transversion and at rate 6 if it is a transition, while
changes to A or T have rates of 1 — 6 or k(1 — 6).
Nucleotides involved in a CpG doublet also evolve ac-
cording to Tamura's (1992) model but with an increased
transition rate k,. No other assumption is made about
neighboring effects. When «, is egqual to «, the model
reduces to Tamura’s (1992) model, and the equilibrium
G+C content is 6. For k; > k, however, the equilibrium
G+C content is lower than 6, since C's and G'sinvolved
in CpG doublets changeto T or A at a higher rate than
the reverse. Let D(u) = (d;(u)) be the 4 X 4 matrix of
dinucleotide frequencies at time u. Nucleotide frequen-
cies N(u) = (ny(u)) derive from D: for any j, n, = X d;
= 2, d;;. To determine how the above-described evolu-
tionary forces apply on D, note that the instantaneous
rates of change of any nucleotide depend only on its
state and the states of its two neighbors. If T(u) =
(tj(u)) is the matrix of trinucleotide frequencies, one
can write:
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Oy (U + du) = dy(U) + > > ; tiji(U)
i
X > r@i,j -~ mKk)

X b((xy), (i,] - m Kk)du. (1)

In equation (1), r(i, j - m, K) is the rate of change
from trinucleotide (ijKk) to trinucleotide (imk), deductible
from the model. For instance, r(A, A-C, T) equals 6,
and r(A, C-T, G) equals k4.(1 — 0). Factor b((x, V), (i,
j—m, K)) in equation (1) is the balance for dinucleotide
(xy) when a (ijk) to (imk) change occurs, i.e., the dif-
ference between the number of (xy) dinucleotides in-
cluded in trinucleotide (imk) and the number of (xy) di-
nucleotides included in (ijk). For instance, b[(A, C), (A,
C-T, G)] is —1 (one AC is lost by changing ACG to
ATG), b[(A, A), (A, G-A, A)] is 2, and b[(A, A), (C,
C-T, C)] is 0. In words, equation (1) states that the
overall change for dinucleotide (xy) is the sum over all
trinucleotides (ijk) and all possible changes for j of the
frequency of that trinucleotide times the probability of
that change times the effect of that change on (xy) oc-
currence. Trinucleotide frequencies can be deduced from
dinuclectide ones:

d;; (u)d;(U)
n;(u)
where n, = 3 d; = % d;; isthe frequency of nucleotide
j- Equation (2) assumes that dependencies do not extend
farther than two bases, i.e., that the probability of the
state of one nucleotide depends only on its neighbors.
We checked this approximation from simulations and

found it to be very good.

Equation (1) written for all possible (x, y) forms a
system of 16 differential equations that describe the in-
stantaneous dynamics of dinucleotide frequencies under
our model. This system can hardly be solved analyti-
cally—in contrast to the analogous system in models
describing nucleotide evolution—essentially because the
expression of t;, includes products between d;j’s, making
it nonlinear. However, equation (1) allows oneto quickly
simulate the evolution of dinucleotides and to deduce
equilibrium frequencies given 0, k, and k;. The simu-
lation process is the following:

tij(u) = , 2

1. Start from dinucleotide frequencies D(0).

2. Deduce nucleotide N(0) and trinucleotide T(0)
frequencies.

3. Compute D(du) for some arbitrary small du using
equation (1).

4. Deduce N(du) and T(du) and iterate until equilibrium
is achieved.

Results

We made use of this process to compare the pre-
dictions of our model with human DNA sequence data.
G+C content is variable across the human genome ac-
cording to the so-called ‘““isochore structure” (Bernardi
et al. 1985). In contrast, there is no evidence that tran-
sition/transversion ratios within or outside CpG doublets

CpGol/e

TpAol/e

T T T T T T T

30 40 50
G+C% content

Fic. 1.—Correlation between G+C content and the ratio of ob-
served/expected TpA and CpG dinuclectide frequencies in the human
genome. Observed frequencies are in 3,073 genomic sequences longer
than 100 kb. Solid lines represent linear regression, and open circles
represent frequencies predicted according to the model.

vary in distinct parts of the genome. Therefore, we used
fixed values for parameters k and k; but allowed 6 to
vary. Estimates for « (2.1) and k, (27.6) were obtained
from a study of hemophilia B polymorphism in the Unit-
ed Kingdom (Giannelli, Anagnostopoulos, and Green
1999) and were largely concordant with the data of Car-
gill et a. (1999) and Halushka et al. (1999).

Figure 1 displays the relationship between CpG and
TpA depletion (observed/expected frequencies) and
G+C content in 3,073 human DNA sequences longer
than 100 kb. Sequences were retrieved from GenBank
release 115 (December 15, 1999) using the ACNUC da-
tabase (Gouy et al. 1985). As previously reported with
smaller data sets, a significant correlation between
CpGole and G+C content was found: CpG deficiency
was lower in G+C-rich regions. A moderate TpA de-
ficiency also appeared, correlated with G+C content as
well (but negatively). The regression lines are shown.



We simulated the evolution of dinucleotide fre-
quencies until equilibrium was achieved using the em-
pirical estimates for k and k; indicated above and var-
ious 6 values. The relationship between the predicted
equilibrium G+C content and equilibrium CpG and
TpA deficiencies under the model assumptions are
shown in figure 1 (open circles). Figure 1a shows avery
good fit between CpG frequencies in observed and ssim-
ulated sequences. Note that we did not even try to fit
the parameters to the data: we used empirical estimates
of mutational rates. This suggests that this model cor-
rectly represents CpG evolution. In particular, the cor-
relation between CpG depletion and G+C content is
predicted by the model.

Interestingly, our model also predicts some TpA
deficiency at equilibrium, athough no specific muta-
tional mechanism has been assumed with respect to TpA
dinucleotides. Moreover, in agreement with the obser-
vation on real sequences, our model predicts a negative
correlation between TpAo/e and G+C content (fig. 1b).
Note that the slope of the correlation is the same in real
and in simulated sequences. Thus, variations of the
TpAo/eratio according to the G+ C content are probably
simply a direct consequence of CpG depletion. Using a
related approach but a different model, Bulmer (1986)
did not predict any TpA deficiency. One should note,
however, that the TpAo/eratio is lower in real sequences
than expected according to our model. Thus, other fac-
tors contribute to the deficiency of TpA in human
sequences.

In summary, these simulations confirm the quali-
tative predictions of the simplistic example presented in
table 1. In agreement with real data, our model predicts
that: (1) an increased mutation rate from CpG to TpG
and CpA induces an apparent depletion in TpA, (2) this
apparent TpA depletion increases with G+C content,
and (3) the CpGole ratio underestimates the real muta-
tion pressure on CpG dinuclectides, all the more as the
sequence is G+C-rich; as a consequence, (4) CpGole
and TpAo/e are correlated (positively and negatively,
respectively) to G+C content.

Discussion

Our model has several implications regarding the
biological significance of the variations of the CpGo/e
and TpAo/e ratios along the genome. First, since the
CpG deficiency is related to the level of methylation,
and since the level of methylation is correlated with
chromatin organization and gene expression, it has been
proposed that the positive correlation between CpGole
and G+C might reflect a particular chromatin organi-
zation associated with transcriptionally active DNA or
some differences in the regulation of gene expression in
G+ C-rich compared with G+ C-poor isochores (Bernar-
di et a. 1985; Aissani and Bernardi 1991; Jabbari and
Bernardi 1998). However, the fit between our simula-
tions and the data observed on real sequences suggests
that this correlation is simply due to the fact that the
ratio CpGol/e underestimates the deficiency in CpG di-
nucleotides in G+C-rich regions. Therefore, there is no
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Fic. 2—Correlation between G+ C content and the observed/ex-
pected CpG dinucleotide ratio predicted by our model for different
rates of CpG methylation: a high rate (x; = 27.6, circles) and a low
rate (k, = 8.0, sguares). The regression line for the low rate of meth-
ylation is indicated (R2 = 0.997). The area above the regression line
(hatched) corresponds to undermethylated sequences. The gray rect-
angle corresponds to sequences that would be predicted to be unme-
thylated CpG islands according to the criteria classically used in the
literature (Gardiner-Garden and Frommer 1987).

evidence for variation in the rate of CpG hypermutation
with respect to the isochore G+C content, and the ap-
parent reduced CpG deficiency in G+ C-rich isochores
is simply a mathematical artifact.

Second, this result raises the question of the defi-
nition of CpG islands. The essential feature of CpG is-
lands is the absence of methylation (at least in the germ
ling). Originally, CpG islands were identified as geno-
mic regions that were very rich in cleavable sites for
mMCpG-sensitive restriction enzymes (Bird 1986). The
sequencing of these unmethylated regions revealed rel-
atively high G+C contents and CpGo/e ratios. These
features have been used to detect CpG islands by com-
puter analysis of genomic sequences. Classically, CpG
islands are identified as DNA regions (=200 bp) with a
G+C content higher than 50% and a CpGo/e ratio high-
er than 0.6 (Gardiner-Garden and Frommer 1987). Are
these criteria relevant to identify all nonmethylated is-
lands? The relatively high G+C content in CpG islands
can be explained in part by the fact that CpG depletion
tends to decrease the G+C content in the rest of the
genome. However, it is also possible that this latter prop-
erty reflects a bias in the original method for the detec-
tion of unmethylated DNA regions: the recognition sites
for mCpG-sensitive restriction enzymes contain at least
50% G+C and hence are more frequent in G+C-rich
than in G+C-poor DNA. It is therefore not clear wheth-
er this latter criterion is necessary to identify unmethy-
lated DNA regions. Indeed, it has been shown that non-
methylated islands in fish genomes are G+ C-poor
(Cross et a. 1991). The CpGo/e ratio reflects the mu-
tability of CpG’s and thus is an indicator of the level of
methylation in the germ line. However, as we have
shown, in G+C-rich regions, this ratio underestimates
the real CpG depletion. According to our model, a
CpGole ratio of 0.6 with a G+C content of 50% cor-
responds to arate of transition at the CpG doublet about
3.5 times as low as that in the rest of the genome (i.e.,
k; = 8.0). Figure 2 displays the CpGole ratio predicted
by our model for different G+C contents and for two
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values of k;: high methylation rate (k; = 27.6, genomic
average rate) and low methylation rate (k; = 8.0, CpG
islands rate). This figure shows that according to the
classical criteria (CpGo/e = 0.6, G+C = 50%), a highly
methylated G+C-rich region (>70%) would be erro-
neously considered as a CpG island. Conversely, an un-
dermethylated G+ C-poor region (<50%) would not be
identified as a CpG idland. We therefore suggest that the
criteria to identify CpG islands should be set according
to the G+ C-content of sequences. According to our sim-
ulations (fig. 2), the threshold of CpGole as a function
of G+C frequency to assess the presence of unmethy-
lated islands can be calculated with the following for-
mula

CpGole = 0.206 + 0.80GC. ©)

This formula is consistent with the standard defi-
nition of CpG islands when the G+C content equals
50%, and it accounts for the CpG/GC relationship when
the G+C content is different from 50%.

Third, Beutler et a. (1989) have noted that the
TpAo/e ratio is lower in exons of protein-coding genes
and tRNA and rRNA genes than in Y-chromosomal
DNA, mitochondrial DNA, and introns. They also have
shown that UpA has a destabilizing effect on RNAs.
This led them to propose that a selective pressure against
TpA is acting in DNA sequences destined to be ex-
pressed in the cytosol. However, it should be noted that
protein-coding regions and tRNA or rRNA genes are
characterized by a relatively high G+C content (on av-
erage, 55%—-60%) compared with the other sequences
they analyzed (less than 49% in introns, 44% in mito-
chondria, and 39% in chromosome Y genomic sequenc-
es). According to our model, these differences in G+C
content could explain the differences in TpAo/e. To di-
rectly test the selectionist hypothesis proposed by Beu-
tler et al. (1989), we compared the TpAo/e ratios in
coding regions, introns, and 3’ UTRs of human genes.
Coding regions and 3" UTRs are part of the mRNA (and
hence are destined to be expressed in the cytosol),
whereas introns are not. Therefore, according to the se-
lectionist hypothesis, TpAo/e should be lower in coding
regions and 3' UTRs than in introns. On the other hand,
coding regions are relatively G+C-rich compared with
introns and 3’ UTRs. Therefore, according to our model,
TpAo/e should be lower in coding regions than in 3’
UTRs and introns. As shown in table 2, the data fit with
our model and not with the selectionist hypothesis.

Since human genomic DNA is essentially nontran-
scribed, another prediction of the selectionist hypothesis
is that TpAo/e should be lower in 3' UTRs and introns
than in genomic sequences. On the contrary, we found
that the average TpAo/eratiosin 3' UTRs (0.64 *+ 0.20)
and introns (0.68 = 0.13) were very close to those of
large (>100 kb) genomic sequences of similar base
composition (0.67 and 0.66, respectively, calculated ac-
cording to the regression slope presented in fig. 1).

Therefore, contrary to what has been proposed
(Beutler et al. 1989) there is no evidence that TpA di-
nucleotides are more counterselected in exons than in
introns or in transcribed than in nontranscribed DNA.

As shown with our model, CpG depletion induces an
apparent TpA depletion that depends on the G+C con-
tent of sequences. The differences in the TpAo/e ratios
between the different sequences analyzed by Beutler et
a. (1989) are merely a consequence of their differences
in G+C content. However, as mentioned previously, the
CpG depletion does not totally explain the observed
TpA deficiency in the human genome. Karlin and Mra-
zek (1997) proposed that the deficiency in TpA might
be due to its low thermodynamic stacking energy in
DNA. They also suggested that because of the presence
of TpA as part of many regulatory signals (e.g., TATA
box, polyadenylation signal), TpA suppression might
help to avoid inappropriate binding of regulatory fac-
tors. Although these are useful working hypotheses, they
are dtill speculative, and the reason for the TpA deple-
tion remains to be determined.
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