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We study the length distribution functions for the 16 possible distinct dimeric tandem repeats
in DNA sequences of diverse taxonomic partitions of GenBank (known human and mouse
genomes, and complete genomes of Caenorhabditis elegans and yeast). For coding DNA, we
find that all 16 distribution functions are exponential. For non-coding DNA, the distribution
functions for most of the dimeric repeats have surprisingly long tails, that fit a power-law
function. We hypothesize that: (i) the exponential distributions of dimeric repeats in protein
coding sequences indicate strong evolutionary pressure against tandem repeat expansion in
coding DNA sequences; and (ii) long tails in the distributions of dimers in non-coding DNA
may be a result of various mutational mechanisms. These long, non-exponential tails in the
distribution of dimeric repeats in non-coding DNA are hypothesized to be due to the higher
tolerance of non-coding DNA to mutations. By comparing genomes of various phylogenetic
types of organisms, we find that the shapes of the distributions are not universal, but rather

depend on the specific class of species and the type of a dimer.

1. Introduction

The origin, evolution, and biological role of
tandem repeats in DNA, also known as micro-
satellites or simple sequence repeats (SSR), are
presently one of the intriguing puzzles of molecu-
lar biology. The expansion of such SSR has
recently become of great interest due to their role
in genome organization and evolutionary pro-
cesses (Beckmann & Weber, 1992; Bell, 1992;
Burge et al., 1992; Olaisen et al., 1993; Richards
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& Sutherland, 1994; Orth et al., 1994; Bowcock
et al., 1994; Sutherland & Richards, 1995; Chen
et al, 1995, Garcy et al, 1995 Jurka &
Pethiyagoda, 1995; Karlin & Mrazek, 1996;
Stanley et al., 1999). It is known that SSR consti-
tute a large fraction of non-coding DNA and are
relatively rare in protein coding sequences.

SSR are of considerable practical and theoret-
ical interest due to their high polymorphism
(Bowcock et al., 1994). The formation of a hairpin
structure during replication (Stallings, 1994;
Wells, 1996) is believed to be the cause of the
CNG repeat expansions, which are associated
with a broad variety of genetic diseases. Dimeric
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SSR of the type (CA), are also known to expand
due to slippage in the replication process. These
errors are usually eliminated by the mismatch-
repair enzyme MSH2. However, a mutation in
the MSH2 gene leads to an uncontrolled expan-
sion of repeats—a common cause of ovarian
cancers (Ionov et al., 1993). Similar mechanisms
are attributable for other types of cancer (Orth
et al., 1994; Kunkel, 1993; Wooster et al., 1994;
Strand et al, 1993; Aaltonen et al, 1993;
Thibodeau et al., 1993). Telomeric SSR, which
control DNA sequence size during replication,
illustrate another crucial role of tandem repeats
(Alberts et al., 1994).

A study of SSR from primates, emphasizing
their abundance, length polymorphism, and
overall tendency to expand in different sequence
contexts was reported by Jurka & Pethiyagoda
(1995). The probability distribution functions for
the length of special classes of repeats have been
studied in many publications (see ¢.g. Marx et al.,
1993; Yagil, 1993; Stallings et al., 1991; Dok-
holyan et al., 1997, 1998). Bell & Jurka (1997)
studied the length distributions of dimeric tan-
dem repeats of rodent and primate DNA. Other
studies, reporting periodicities of various SSR in
introns, have been carried out (Arqués & Michel,
1987; Konopka et al., 1987). Systematic analysis
of SSR distributions has yet to be done and is the
focus of this paper. Specifically, we consider the
distribution of the most simple case of SSR—re-
peats of identical dimers (“dimetric tandem
repeats”). Dimeric tandem repeats are so abun-
dant in non-coding DNA that their presence can
even be observed by global statistical methods
such as the power spectrum: e.g. the data of
Buldyrev et al. (1995) indicate the presence
of a peak at (1/2)bp ! in the power spectrum of
non-coding DNA (corresponding to repetition of
dimers) and the absence of this peak in coding
DNA (here bp denotes base pair). This difference
in the abundance of dimeric tandem repeats in
coding DNA and non-coding DNA suggests that
these repeats may play a special role in the organ-
ization and evolution of non-coding DNA.

The following section describes methods we
use to analyse distributions of dimeric repeats.
The difference between coding and non-coding
DNA sequences of the distribution of dimeric
tandem repeats is presented in Section 3. The

relation of these distributions in coding DNA to
the protein folding problem, as well as the rela-
tion to the evolutionary mechanisms are dis-
cussed in Section 4.

2. Methods

We study genomes of four different organisms:
human (Homo sapiens), mouse (Mus musculus),
nematode (Caenorhabditis elegans) and yeast
(Saccharomyces cerevisiae). In order to minimize
the artificial statistical bias of the GenBank to-
wards specific proteins, we restrict our study to
the complete genomes of yeast (all 16 chromo-
somes) and C. elegans (all six chromosomes), and
large human and mouse genomic sequences ex-
ceeding 100 kbp in length. We found 1113 such
sequences of total length 144833 600 bp in hu-
man and 33 such sequences of total length
4 545 649 bp in mouse DNA sequences (GenBank
release 110.0).

We analyse separately all coding and non-
coding regions (intergenic and introns) for each of
the organisms. We identify coding DNA using
CDS key word in the GenBank flat file format.
We concatenate sections that belong to one CDS
and correspond to the genetic code for one pro-
tein. We identify introns as sections between
exons within one CDS. The region between dif-
ferent CDS are identified as intergenic. Thus, the
intergenic regions, by our definition, also include
unrestricted 5" and 3’ ends of the genes.

First, we calculate number of occurrences N (/)
of dimeric tandem repeats of / repetitions for
16 types of dimers. We combine results for six
groups of DTR: (1) A4, TT (AA or TT); (2) TA,
AT;(3) CA, AC, TG, GT;(4) CC, GG;(5) GA, AG,
TC, CT; and (6) GC, CG. We use this classifica-
tion because A4 is complementary to T, and C is
complementary to G; and, we average over two
possible directions of reading DNA sequences. In
addition, we combine data for repeats xy and yx,
where x and y denote nucleotides 4, C, G or T,
since repeats xy and yx have almost identical
distributions. In fact, repeat (xy), must become
(yx), + 1 if one shifts the reading frame by one bp.

Next, we calculate the normalized number of
repeats No(/) = N(/)/N(1) of length /, where
N(1) is the total number of occurrences of a
single dimer. If there are no repeats for one or
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more consecutive values of / between points 7’
and /", we substitute No(/”) by No(Z")/(£" — ).

3. Results

We find that the normalized number of repeats
Ny (?) for all six groups of dimeric tandem repeats
in conding DNA and for all four analysed organ-
isms decays rapidly with 7 [Figs 1-4(a) and (b)].
By plotting No(¢) in the semi-logarithmic scale
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we observe that all of these functions have a lin-
ear decay, indicating exponential functional form
of No(/) ~ exp(— k¢), which is in agreement with
predictions of short-range Markovian models. In
mouse and human we find practically no devi-
ations from exponential behavior for coding re-
gions. For yeast and C. elegans we find only 13
and 19 CDS’ correspondingly which have repeats
of length larger than 10. These genes may provide
either an exception from the general rule, or may
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FI1G. 1. The combined plot of average normalized number of repeats for six groups of dimeric tandem repeats. (O) AA, TT
(AAor TT);(A) TA, AT; (W) CA, AC, TG, GT; (®) CC, GG; () GA, AG, TC, CT and (O) GC, CG for the coding DNA in (a)
semi-logarithmic scale and (b) double-logarithmic scale, and non-coding DNA in (c) semi-logarithmic scale and (d) double-
logarithmic scale of the complete yeast genome. For clarity, we separate plots for these six groups by shifting them by a factor
of 100 on the ordinate. The straight line on plot (d) indicates a power-law function f(x) ~ x™#* with g = 5.3. In (d) as an
example of P(r, /) being a function of both r and /, we include the results of simulation (dot-dashed bold line) fitting the second
and the third groups of repeats (see Fig. 5). The values of u for the first five groups of repeats are 5.3, 3.2, 2.8, 2.3, 2.7 from top to
bottom, fitting range is / > 5. The value of u is undefined for GC, CG repeats in the fitting region. In all figures, for non-coding
sequences the regression coefficients R of linear fit in a double-logarithmic scale range from 0.90 to 0.99 depending on the
type of repeat and taxonomic partition of the GenBank. For coding DNA sequences the R coefficient of linear fit in a

semi-logarithmic scale ranges from 0.91 to 1.00.
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FI1G. 2. The same as Fig. 1 but for complete genome of C. elegans. The values of u for six groups of repeats are 7.3, 2.8, 2.6,

2.5, 3.8, 11.0 from top to bottom, fitting range is 7 > 5.

represent misidentified non-coding regions. It
should be pointed out the CDS with long dimeric
repeats, that are not verified experimentally,
could be missed by gene finding algorithms,
which are trained to recognize repetitive regions
as non-coding. Thus, in theory, the number of
long repeats in coding DNA could be under-
estimated in our analysis. Nevertheless, we
believe that this underestimation would not sig-
nificantly alter the functional form of the repeat
length distribution.

On the other hand, semi-logarithmic plots of
No(/) for non-coding parts [see Figs 1-4(c)] are
usually not straight, but display negative slope
with constantly decreasing absolute value which
indicates that their probability decays less
rapidly than exponentially. This suggests that

distributions No(¢) can be better described by a
power law

No() ~ 17, (1)

with p ranging between 2 and 5 for different
organisms. In this case, these distributions should
be straight lines on a double logarithmic plot. In
fact, that is what we observe from Figs 1-4(d). We
do not observe a significant statistical difference
in the functional behavior of No(/) for introns
and intergenic sequences, SO we present com-
bined data for non-coding DNA (introns and
intergenic sequences).
There are two exceptions:

(i) We find that in some cases, the double logar-
ithmic plots for non-coding regions have long
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FI1G. 3. The same as Fig. 1 but for known mouse genome. The values of x for first five groups of repeats are 4.2, 1.8, 1.9, 1.9,
6.4 from top to bottom, fitting range is / > 5. The value of u is undefined for GC, CG repeats in the fitting region.

tails which are almost horizontal straight lines
with a rapid cut-off at about 30 copies, and can-
not be approximated by a power-law function.
These plateaus correspond to non-coding se-
quences of the dimers CA-AC, TG-GT, and
GA-AG, TC-CT in mouse and human DNA
[see Figs 3(d) and 4(d)]. This effect is not ob-
served in C. elegans and yeast.

(i) We also observe that all organisms lack
CG-GC repeats in their intron and non-coding
DNA [see Figs 1-4(b) and (c)].

It is interesting to note that the maximal length
of dimeric tandem repeats in human and mouse
DNA does not exceed 40 copies. In contrast, in C.
elegans, repeats can be as large as 100 copies.
While this fact may indicate the presence of

specific mechanisms that prevents dimeric repeat
expansion in mammals, it may also be due to
the fact that we analyse the entire genome of
C. elegans, while human and mouse data are
restricted to the gene-rich regions.

4. Discussion
4.1. SIGNIFICANCE OF THE OBSERVED DISTRIBUTIONS

The difference in distributions of dimeric
tandem repeats in coding and non-coding DNA
is drastic [cmp. Figs 1-4(a,b) and (c,d)]. In non-
coding DNA we find long chains, up to 100
repetitions, of tandem repeats like “TGTG ...”
(in the intergenic sequences of C. elegans (Fig. 2).
Note that if one assumes that a DNA sequence is
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FIG. 4. The same as Fig. 1 but for known human genome. The values of u for these six groups of repeats are 5.6, 3.3, 3.2, 4.1,

6.7, 5.4 from top to bottom, fitting range is 7 > 5.

uncorrelated or short-range correlated, then the
estimated probability of such a repeat is of the
order of 10~ *'® which makes it highly improb-
able to find it in any organism during the entire
evolution. However, this argument fails if we as-
sume that distribution of repeats fits a power law
with u = 4. Then, the probability to find a 100
repetitions of T'G is of the order of 10~ 8, which is
of the order of the inverse size of the C. elegans
genome bank. This is the reason why any
model resulting in exponential length distributions
will be unable to explain long repeats (see critical
review by Li, 1997).

42. RELATION TO TRIMERS

The absence of lengthy dimeric tandem repeats
in coding DNA is related to the 3 bp length of

a codon. Since 3 is not a multiple of 2, the repeti-
tion in amino acid sequence does not correspond
to the repetition of dimers. Only very specific
pairs of amino acids, such as HisThr (CACACA),
ArgGlu (AGAGAG), ArgAla (CGCGCG), corres-
pond to dimeric tandem repeats. In this case,
dimeric repeats of amino acids correspond to
those of DNA. Even simple repeats, such as (AA),
and (T'T),, are much more abundant in non-cod-
ing DNA. This observation probably indicates
that there is strong evolutionary pressure against
long stretches of amino acid repeats in proteins. It
was proposed (Shakhnovich & Gutin, 1990; Le et
al., 1997) that, in order to fold into a native state,
proteins should have statistical properties close
to those of a random sequence. Our findings are
in complete agreement with the absence of long
amino acid repeats in globular proteins.
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4.3. CAN MUTATIONS EXPLAIN NON-EXPONENTIAL
DISTRIBUTIONS OF REPEATS?

Recently, several mechanisms of simple se-
quence repeat expansion have been proposed
(Bell, 1992, 1996; Li & Kaneko, 1992; Richards
& Sutherland, 1994; Orth et al, 1994; Chen
et al., 1995; Wells, 1996; Bell and Jurka, 1997;
Dokholyan et al., 1997, 1998; Kruglyak et al.,
1998). The model, proposed recently to explain
power-law distributed repeats (Dokholyan et al.,
1997) can produce power-law distributed repeats
with any given exponent u (for details see Dok-
holyan et al., 1998).

The mechanism proposed in Dokholyan et al.
(1997, 1998) is based on random multiplicative
processes, which can reproduce the observed
non-exponential distribution of repeats. The
increase of decrease of repeat length can occur
due to unequal crossover (Alberts et al., 1994;
Charlesworth et al., 1994) or slippage during rep-
lication (Richards & Sutherland, 1994; Wells,
1996; Levinson & Gutman, 1987; Schlotterer &
Tautz, 1992).

It is reasonable to assume (see Wells, 1996 and
references therein) that in these types of muta-
tions, the new length /” of the repeat is not a step-
wise increase or decrease of the old length, but is
defined as a product /' = /r, where r is some
random variable. This variable r is distributed
according to the probability distribution function
P(r, /), which depends both on / and r. As has
been shown in Sornette & Cont (1997) and
in Dokholyan et al. (1997, 1998), in the most
simple case when P(r,/) does not depend on
¢ [we denote it by P(r)], the model produces pure
power-law distribution of repeats, and the value
of a power-law exponent p can be determined
from the equation

1= jm P(r)yr*~1dr. ()

0

The difference between the empirical distribu-
tions for various kinds of repeats can be at-
tributed to the fact that the probability rates
P(r, /) of various mutations strongly depend on
the length of the repeats / (Levinson & Gutman,
1987; Wells, 1996; Dokholyan et al., 1997, 1998),
i.e. there exist biochemical dependence on the

repeat size. For example, the power-law behavior
usually starts from repeats of length / > 5. This
may indicate that short repeats are distributed
exponentially, as in random sequence. Thus, it is
plausible to conclude that the mutation processes
target repeats of length above 7 > 5.

It was shown by computer simulations
(Dokholyan et al., 1997) that imposing the length
constraints on the mutational rates P(r, /) produces
better fit of experimental data [see Fig. 1(d)].
For example, the probability distribution function
P(r, /), has been chosen as shown in Fig. 5 to fit
distributions of TA, AT and CA, AC, TG, GT
repeats in yeast [ Fig. 1(d)]. The rigorous modeling
of the specific tandem repeats still requires fur-
ther investigation taking into account their par-
ticular biophysical and biochemical properties.

A different model was proposed by Kruglyak
et al. (1998), which was also able to reproduce
long tails in the repeat length distribution. This
model assumes the stepwise change in repeat
length with the mutation rate proportional to the
repeat length. It is possible to show that this
model can be mapped to a random multiplicative
process with a specific form of distribution
P(r, /), wherer = /'/{,  is the original length and
/' is a repeat length after a time interval during
which several stepwise mutations can occur.

A convenient property of the model proposed
in Dokholyan et al. (1997) is that if we tune the
dependence of mutation rates P(r, /) on /, we can
precisely fit the distributions of the dimeric re-
peats (see Fig. 1 and also Dokholyan et al., 1998).
The “plateau” in the distributions of dimeric re-
peats, discussed in the Section 3, can also be
explained by the mutational rate variability and
can be fit by the model.

It is possible that the existence of long TG
repeats and a lack of CG repeats in vertebrates
is related to methylation (Alberts et al., 1994).
In germ cells, the cytosine nucleotide C in the
sequence CG can be covalently modified to
S-methylcytosine (5-methyl C). The methylated
C nucleotide undergoes accidental de-amination
which cannot be repaired back to the previous
state of C, but gets modified into a T nucleotide.
Therefore, there is a strong tendency for methyl-
ated CG to mutate to T'G. Three out of four CGs
have been lost during evolution due to this mech-
anism (Alberts et al., 1994).
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FIG. 5. As an example of P(r, /) being a function of both r and /, we use following P(r, /) to fit TA, AT CA, AC, TG, GT
repeats in non-coding yeast DNA (see Fig. 1). (a) for TA, AT repeats, P(r, /) depends on / as a step function: for 1 <r < 2:
P(r,/) =0.15,when 0 </ < 6;0.60, when 6 </ < 13;and 0, when/ > 13. For0 <r < 1: P(r, /) = 0.85,when 0 < 7 < 6;0.40;
when 6 </ < 13; and 1, when / > 13. For r > 2 we assume P(r, /) = 0, which means that a repeat cannot expand by more
than a factor of 2 in a single mutation. (b) For CA, AC, TG, GT repeats, P(r, /) is also a step function of /: for 1 <r < 2:
P(r,/) =0.016, when 0 </ <5; 048, when 5</<8; 0.32; when 8§ </ < 18; and 0, when /> 18. For 0 <r < 1:
P(r,/) = 0984, when 0 < / < 5; 0.52 when 5 </ < 8; 0.68, when 8 < / < 18; and 1, when ¢/ > 18. In case of both groups of
repeats, we start from a random sequence with equal concentration of all dimers 15 = 0.0625 and produce 10° iterations of the

random multiplicative process.

Another reason for a lack of CG repeats may
be due to their ability to form Z-DNA in the
negatively supercoiled regions during transcrip-
tion (Rahmouni & Wells, 1989, 1992; Kladde
et al., 1994; Krasilnikov et al., 1999).

4.4. POSSIBLE ROLE OF REPEATS

It is reasonable to assume that the power-law
distributed repeats are the sign of the random
multiplicative processes that are intrinsic to
DNA structure. The existence of the plateaus in
the distributions of T'G repeats indicate deviation
power-law distribution and may be attributed to
a specific function of these repeats, such as to
induce or repress transcription and to stimulate
recombination (Kladde et al., 1994).

Since long dimeric repeats are known to con-
tribute to genomic instability, there are mecha-
nisms that prevent them from uncontrollable
expansion, such as MSH?2 mismatch-repair en-
zyme. Hence, we do not expect mutations to
accumulate at a maximal rate unless there are
misfunctions of repair mechanisms, which have
been proven to be a cause of several types of
cancers (Ionov et al., 1993; Orth et al, 1994;
Kunkel 1993; Wooster et al., 1994; Strand et al.,
1993; Aaltonen et al., 1993; Thibodeau et al., 1993).

5. Conclusion

We find that the statistical properties of
dimeric tandem repeats differ in coding and
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non-coding parts of DNA. For exons, we find
that length distributions of dimeric tandem re-
peats are exponential and, thus, are consistent
with uncorrelated or short-range correlated
amino acid sequences. On the other hand, the
length distributions of dimeric repeats in introns
and intergenic regions usually deviate strongly
from an exponential function and can, in some
cases, be fit by a power-law function. We also
find that the distribution of AC-CA, TG-GT
repeats in vertebrates have plateaus in the
range 10 </ < 30 and that the distributions
of CC, CG, GC, and GG repeats decay much
faster than other repeats which include weakly
bonded bp.

Non-exponential distributions of SSR can be
explained if one assumes a random multiplicative
process for the mutation of the repeat length, i.e.
each mutation leads to a change of repeat length
by a random factor with a certain distribution.
Such a process may take place due to errors in
replication (Wells, 1996) or unequal chromo-
somal cross-over.

SSR expansion in the coding regions leads to
a loss of protein functionality [as e.g. in Hunting-
ton’s disease (Wells, 1996)] and to the extinction
of the genotype. Thus, SSR distribution in pro-
tein coding sequences remain exponential due
to Darwinian evolutionary pressure. Moreover,
conservation of protein coding sequences (Pande
et al., 1990) and, thus, lack of expansion dynamics
of SSR in the coding regions of DNA, are prob-
ably related to the problem of protein folding.
Monte-Carlo simulations of protein folding on
the cubic lattice suggest that the statistical
properties of the sequences that fold into a native
state resemble those of random sequences
(Shakhnovich & Gutin, 1990; Li et al., 1997), i.e.
they do not have long amino acid repeats.

The higher tolerance of the non-coding DNA
to various mutations, especially to mutations
involving the change of DNA length—e.g. dupli-
cation, insertion of transposable elements, and
SSR expansion—Iead to the statistical features,
that are distinct from the coding DNA
Viswanathan et al., 1997).
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