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Introduction

Recently there have been reports linking certain neurological diseases, such as
Huntington’s disease, fragile X-linked mental retardation, and myotonic dystrophy,
with trinucleotide expansions — long repetitions of identical trinucleotides in the
coding regions of certain genes (1-3). For a review on the role of trinucleotide
repeats in neurological diseases, see Ref. (4). Other studies have noticed long tan-
dem repeats of identical dinucleotides in noncoding regions of the genome (5-7).
Identical mono-, di-, tri-or tetranucleotides tandemly repeated, also known as
microsatellites, have been extensively analyzed (8). Since microsatellites were first
shown to aid genetic mapping (9), they have become primary genetic markers (10).
More recently, studies have used microsatellites to compare evolution among dif-
ferent species (11). At some loci, microsatellites are so polymorphic that they can
be used for DNA fingerprinting (12).

Quantitative studies of microsatellites include analysis of runs of single nucleotides
(13,14). Dinucleotides have been studied in terms of nearest neighbors (15,16) and
relative frequencies (6,7,17). Trinucleotides have been examined in terms of biased
distributions (18). Tandemly repeated pentamers have been studied in (19). A com-
prehensive study of the average length of simple repeats of units of 1—6
nucleotides was compiled (20). An analysis of clustering of nucleotides has been
done by Mrazek and Kypr (21) and by Lio et al. imemophilus influenzaand
Saccharomyces cerevisiaghromosomes (22).

Interest in the nucleotide patterns in DNA (such as simple sequence repeats) is

growing due to its direct correspondence to evolutionary processes. The differengBone: 617-353-8936;

in nucleotide patterns in coding and noncoding DNA reflects a difference in X 617-353-9393;
-mail: dokh@bu.edu

evolutionary pressure in various functional parts of DNA. Recent studies of diStIEi-
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Table |

butions of dimeric tandem repeats (DTR) in DNA sequences reveal a signific
difference between coding and noncoding regions (6,7). It was found that som
the DTR in noncoding DNA have power-law distribution functions. On the col
trary, all the DTR distribution functions in coding DNA are exponential, whic
implies that they are either randomly distributed or short-range correlated. DTR
one of many examples of complex patterns in DNA.

In order to extend the study of patterns of nucleotides in DNA, we develop a qu
titative method for studying the repetitions of oligomers (mono-, di-, tri-, ar
tetranucleotides) in coding and noncoding DNA. Using the concepts of percolat
theory (23-25), we calculate the mean length (defined below) of repetitions
oligomers, and the expected length of repetitions if the oligomers, with the s
frequencies as in a real sequence, were randomly placed along an artif
sequence. The expected length of repetitions of oligomers we use as a contro
forming the dimensionless ratio between the actual value to the control value,
can recognize whether oligomers “cluster” (repeat more than they would if th
order were randomly shuffled) or “repel” (repeat less than they would if their orc
were randomly shuffled). In such a way we can understand if oligomers in DI
tend to aggregate or segregate.

We systematically compare clustering in coding and noncoding DNA for: prima
mammal, vertebrate, rodent, invertebrate and plant taxonomic partitions
GenBank release 104.0. It is possible that differences in the patterns of repetit
in coding and noncoding DNA)(can furnish ways to classify unknown sequence
as coding or noncoding and ) (can shed light on the dynamics of evolution of var
ious regions of DNA.

Method: Ratio Analysis

We quantify the repetitions of oligomers by dividing the sequence into the nc
overlapping windows of nucleotides, whera is the size of an oligomer. For
trimers = 3) we select biological reading frames when we study coding regiol
In all other cases we select randomly chosen reading frames.

The total length in bp of the coding and noncodAe analyze separately coding and noncoding sequences. For coding sequenc
ing regions analyzed. The protein codingoncatenate exons within a single gene (excluding the untransiatedi Sends).

sequences are constructed by concatenatiNgncoding sequences we identify as those that are not explicitly specified as (
sequences belonging to the same gene, denoteghpthe GenBank flat file format. In order to deal with the bias in the GenBank da
CDSin the GenBank. The noncoding sequencgsyse due to the multiple entries of short copies of some fragments of the la

are constructed by concatenating sequenc
which are not denoted &DSin the GenBank.

organism non-coding coding
Vertebrates 206,757 91.323
Primates 5,161,953 692,634
Invertebrates 5,322,555 6,993,572
Plants 738.506 4,946,293
Mammals 121,556 56,994
Rodents 1.131.628 253.200

BNnA sequences, we select only those loci that exceed in lendtlbplOThis

reduces the redundancy of the data we analyzed. The total length and the nu
of sequences analyzed in coding and noncoding regions of different taxonomic
titions are reported in Table I.

First, we compute the number of repeats of lengtia given oligomer in the analyzed
set of sequenceBt (¢), wherei = 1, ...,M is the index of an oligomer ald = 4n is
the total number of distinct oligomers of sizé\ccording to our definition, we have

o M
SN N =1, [1]

€=11=1
where L is the total number of oligomers.

Next, we introduce two measures of repeat lenptkivg define the “number” average

1We do not find any significant difference between clustering properties of the untransle
5" and 3 ends and noncoding DNA sequences. In addition, we perform the clustering r:
analysis of the expressed sequence tags (EST) database, which are mainly taken fro
untranslated "and 3 ends, and find that their clustering properties are similar to those
noncoding sequences.
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where Clustering of Identical
o M Oligomers in Coding and
- E ; Nilf) [3] Noncoding DNA Sequences

is the total number of repeat occurrences.

(i) We also define the “weight” average (see e. g. [25]):

S D EN(E) TR SM PN

0Hy, = )
U = S W T8 I )

This definition gives larger weights to longer repeats. The utility of [4] is(Zhat
is the average length of a repeat to which a randomly chosen oligomer belongs.

Next, we calculate the control value, where the control is obtained by scrambling
(random reshuffling) the order of the oligomers. If all the nucleotides were evenly
represented, each oligomer would have a frequency afwhere n is the size of

the oligomer, e.gn = 1 for monomersy = 2 for dimers, etc. Since the frequencies

of the nucleotides vary, we calculate the actual frequency of each oligomer in a par-
ticular set of DNA sequences. We generate a control sequence by random concate-
nation of the oligomers with given frequencies.

For the control sequence, we can compute the probaBjlityat a given oligomer
belongs to a “cluster” (aggregate) efactly/ repetitions in an uncorrelated ran-
dom sequenéds given by percolation theory (23,24):

Pi (1) =(pi (1-p)? [5]

wherep; is the frequency of a particular oligomer. By multiplymg/) by the total
number of oligomers, we find the total length of clusters of sizeThus, for ran-
dom uncorrelated sequences, the expected number of ciNStéfsof size/ (the
control) is given by

NO () =Lp (1-pi)2 [6]

It is possible to calculate theoretical predictions for both measures of repeat
lengths for a control sequence in which the order of oligomers is randomly
scrambled (see Appendix A for the derivation). For such an uncorrelated random
sequence we find

1

O = ———. 7
-y M 2 [71

wherep; is the frequency of each oligomer, and

" M ]72
Ht=1 .
s 2 ; 1 —pi (8]
To quantify the relative clustering strength, we introduce ¢tWstering ratios
defined by
_ (On 1 (D), —1
Rn = <7>t?_—1 and R = </>th—_1 . [9]

The clustering ratios compare the actual repeat length with the control case in
2For the Markov sequence consult Appendix C.
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which, by definition, no clustering occurs beyond the clustering that occurs in
uncorrelated random process. Note, that for an uncorrelated random sequenc
distributions ofR, andR, are Gaussian, centeredRyt = 1 andR, = 1 corre-

spondingly. Their standard deviations are computed in Appendix B. In Table I,

present the relative clustering ratiRsandR,,.
Results and Discussion

We compare the ratios of the observed values of the average Ilgnytbf
oligomer§ (monomers, dimers, trimers, and tetramers) and their weight aver:

Table I
The average clustering ratio vallRsandR,, along with the error bars are shown for mono-, di-, tri-,
and tetramers in coding and noncoding DNA of primate, vertebrate, invertebrate, mammal, rodent
plant taxonomic partitions of the GenBank. The mean values and the error bars (one standard
tion) are computed by partitioning the GenBank data sets into 10 subsets of size 10% of the Ger
data sets. Afterward, we compiRe andR,, for each subset independently. Then we consider the di
tributions of the values d®, andR,, for coding and noncoding DNA and compute phealues for the
Kolmogorov - Smirnov test indicating the probability that thBseandR,, values (for coding and for
noncoding DNA) are drawn from the same distributiop.iff close to 1, then the two distributions are
drawn from the same distribution with the probability close to frisfclose to 0, then these distribu-
tion are taken from two different distributions with the probabilitp)% 1. These results are consis-
tent with: §) there is evolutionary pressure against clustering of repeats (except trimeric) in cot
DNA,; (ii) the clustering ratios for all organisms show strong clustering of the tririgréhé differ-
ence between the clustering of trimers in coding DNA for different taxonomic partitions is less
nounced than in noncoding DNA.

Monomers
Organism R, R,
coding non-coding | p-value coding non-coding p -value
Primates 1.09 £ 0.01 1.26 £ 0.01 <2-10* 1.08 £ 0.01 1.43 £ 0.01 <2-10°
Vertebrates 1.03 £ 0.01 1.14 £0.01 <2-107 1.02 £ 0.01 1.24 £ 0.01 <2-107
Invertebrates 1.09 £ 0.01 1.40 £ 0.01 <2-10° 1.08 £ 0.01 1.58 £ 0.0t <2-10°
Mammals 1.06 £ 0.01 1.28 £0.02 <2107 1.04 £ 0.02 1.43 £0.04 <2:10°
Rodents 1.06 £ 0.01 1.18 £0.01 <2:10° 1.03 £ 0.01 1.30+£0.01 <2-10°
Plants 1.13+£0.01 1.10+£0.01 <2-10° 1.12 £ 0.01 1.17 £ 0.01 <2-10°
Dimers
R, R,
coding non-coding | p -value coding non-coding | p -value
Primates 0.96 £ 0.01 1.39 £ 0.01 <2-10° 0.95 £ 0.0t 1.73£0.01 | <2-10°
Vertebrates 1.00+£0.02 | 1.32+0.02 <2107 1.00 £0.02 1.81£0.13 | <2-10°
Invertebrates | 0.95 £ 0.01 1.39£0.01 <2-107 0.97 £0.01 1.49£0.01 | <2-10°
Mammals 094+£0.02 | 14312004 <2-107° 0.94 £ 0.02 1.74£0.09 | <2-10°F
Rodents 0.93 £0.01 1.47 £0.01 <2:10* 093 £0.01 2.33+0.01 | <2-10°
Plants 0.95 £ 0.01 1.21 £0.01 <2-10° 0.95 % 0.01 136 £0.03 | <2-10°
Trimers
R, R,
coding non-coding | p -value coding non-coding p -value
Primates 1.51+£0.02 | 1.49%0.01 0.31 1.63+£0.03 1.91 £0.02 1.7-10*
Vertebrates 1.54+0.05 | 1.40+0.04 1.7-10" 1.68 +0.08 1.56 +0.06 3.1-107
Invertebrates 1.49 £ 0.01 1.21 £0.01 1.7-10% 1.56 £ 0.01 1.27 + 0.01 1.7-107
Mammals 1.53£004 | 1.51+0.04 0.97 1.63 £ 0.06 1.87£0.10 1.7-10"
Rodents 1.42+£0.02 | 140+0.01 6.9-107 1.52+0.02 2.13+£0.07 <2-10*
Plants 1.42+£0.01 1.29 £ 0.02 1.7-10" 1.50 £ 0.01 1.45 +0.02 1.7-10°
Tetramers
R, R,
coding non-coding | p -value coding non-coding p -value
Primates 0.85+0.02 | 2.85+0.03 <2-10°* 086+0.02 | 4.61£007 <2-10°
Vertebrates 0.89+£0.04 | 257£0.19 <2-107 0.89+004 | 571x1.17 <2-10°
Invertebrates | 0.83 £0.01 1.31 £0.01 <2-10°* 0.96 £ 0.02 1.53+0.02 <2-10°
Mammals 0.68+0.04 | 296+£0.29 <2-10° 0.69 £ 0.04 3.84£0.46 <2-10°
Rodents 0.79£0.02 | 45710.06 <2-10° 0.80+£0.02 | 11.32+0.23 <2-10°
Plants 091 £0.01 1.85+0.03 <2-10° 0.92 £0.01 227+0.15 <2:10°

3We are unable to obtain statistically significant results for the oligomers, longer tt
tetramers. Hence, we omit the results for pentamers, hexamers, etc. in the present rep



[0, to the theoretically predicted for a randomly shuffled sequence. We consider 83
primate, vertebrate, invertebrate, mammal, rodent, and plant taxonomic partitions
of GenBank _release 104. We I|m|_t our analysis iny to euk_aryotlc genomes since Clustering of Identical
for prokaryotic genomes our preliminary analysis shows virtually no clustering . . .

The complete results for clustering ratio values and for the error bars of these val- Ollgo_mers in Coding and
ues are presented in Table Il. To compute error bars we partitioned GenBank datd/oncoding DNA Sequences
sets into 10 subsets, each of size of 10% of the GenBank data sets. We compute the

clustering ratios for each set and from the distribution of these values we determine

the mean and the standard deviation, presented in Table Il. The probability that

these distributions for coding and noncoding DNA belong to the same distribution

is characterized by thevalue of the Kolmogorov - Smirnov test (see (26)p i

close to 1, then the two sets of values are drawn from the same distribution with the

probability 1. Ifp is close to 0, then these set of values are taken from two differ-

ent distributions with the probability @ — 1. In Table 1l we also present tpe

values. The errors which are due to the finite length of the sequences are negligi-

ble (see Appendix B). We find:

(i) A significant difference between the clustering of monomers (excluding
plants), dimers, and tetramers in coding versus noncoding DNAp-Vhkies for
all the distributions of ratio value sets of above mentioned groups of repeats do not
exceed 2-18.

(ii) The clustering ratios for the monomers in coding DNA for all the taxonom-
ic partitions except plants are close to unity (within 9%), which means that they are
close to being randomly distributed. For the noncoding DNA, however, these val-
ues are consistently greater than one, indicating the slight clustering of monomers.

(iii) The clustering ratios for the dimers in coding DNA are also close to unity
(within 7%). However, these values are consistently smaller than unity, which indi-
cates the slight repulsion of dimers in coding DNA. In contrast, the clustering ratios
for the dimers in noncoding DNA are consistently greater than unity. The cluster-
ing ratio values for the tetramers in coding DNA are consistently and significantly
smaller than one (up to 32%) which indicates the repulsion of tetramers. The clus-
tering ratios for the tetramers in noncoding DNA are consistently greater than unity.

(iv) The clustering ratios for the trimers for all organisms show strong clustering
of the trimers in both coding and noncoding DNA. For primates and mammals, the
Kolmogorov-Smirnovp-values for theR, ratio are of the order of 1 (Table II),
which indicates that one cannot distinguish between coding and noncoding DNA
based only ofR, ratios. Interestingly, the difference between the trimer clustering
ratios for different taxonomic partitions in coding DNA is less pronounced than that
in noncoding DNA. This indicates that coding regions are more evolutionary con-
served than noncoding regions.

Observationsi] - (iii) might arise from the evolutionary pressure against cluster-
ing of repeats (except trimeric) in coding DNA. The source of clustering of
oligomers in noncoding DNA could be the result of various duplication processes
or simple repeat expansion processes (5,6,27), indicating that some of the neigh-
boring oligomers evolved from the same single copy. These observations are in
agreement with recent work (7,16,28), where dimeric tandem repeats (DTR) were
studied and it was found that DTR are abundant in noncoding DNA, while they are
rare in coding DNA. The difference in length distributions of DTR in coding and
noncoding DNA can be attributed to the fact that noncoding DNA is more tolerant
to evolutionary mutational alterations than coding DNA. These findings are also
consistent with the conclusions of Lio et al. (22).

“We studied the complete genomekEsfcherichia coli however we found that clustering
ratios are close to unity both in coding and noncoding DNA.
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For coding DNA, the observed clustering of trinucleotides could be due to spe
ic protein structures in which amino acids cluster together (such as an alpha he
Another possibility is that clustering of amino acids is alloted to the general pr
lem of the stability of the native state of the folded proteins (29-32).

The strength of clustering of trimers in coding DNA relative to dimers and tetram
can be explained by the fact that insertion or deletion of a dimer or a tetramer wi
lead to a frame shift. Such shift in the reading frame leads in most cases to a lo
protein function, which can be lethal for the organism. On the contrary, the inser
or deletion of a trimer is equivalent to the insertion or deletion of an amino acic
the protein sequence. Such insertion or deletion, if it happens away from the fi
tionally or structurally important sites of the protein (see (33-34)), would not affe
the protein function, and hence would be tolerated by natural selection.

We also calculate the clustering measures for each individual oligomer, which
define the same way as in Egs. (2) - (9), except that the summation over all t\
of oligomers (=1, 2, .., M) is omitted in calculations of number and weight aver
age values, and clustering ratios. Hence

(Ong =1 FEZ LN T2, Ni(4) — 1

n,t

Rn,i

I

and
_ Dwi =1 R EN(G)) T GN(G) — 1
(TP (1+pi)/(1 —pi)—1

The theoretical values faf(; = 1/(1p;) and@C, = (1 +p,)/(1p;) (see (25))
are computed similarly to Eq. (7) and (8).

(11]

We find that the clustering ratios for each individual oligomer are conserved
each organism, i.e. the standard deviation of the clustering measures in vat
parts of the same genome is around a few percent. To illustrate this observatio
report the clustering ratio values for dimersHomo sapiensn Table IIB. This

Table IlI
The average clustering ratio vall®sandR, along with the error bars are shown for 16 dimers
in the Homo sapiengaxonomic partition of the GenBank for coding and noncoding DNA
Note that the standard deviation of the clustering measures is a few percent, indicating
servation of the clustering measures for each particular dimer within the same organism.

Dimers: Homo sapiens

dimer R, R,

coding non-coding coding non-coding
AA 1.36 2004 | 207+£0.04 | 1.35£0.04 | 2.92+0.09
AT 0.771+0.02 1.17£0.01 | 0.7820.02 | 1.39£0.02
AG 0.93+0.01 1.13£0.01 | 0.93£0.01 | 1.18 £0.0!
AC 1.05 £0.01 1.61 £0.02 | 1.05£0.01 | 2.11+0.05
TA 1.70 £ 0.03 148+£0.02 | 1.70£0.03 | 1.80£0.04
TT 1.50 £0.02 195+£0.03 | 1.50+£0.03 | 2.70+0.07
TG 0.89+£0.01 1.04£0.01 | 0.89£002 | 1.37+0.03
TC 1.31 £0.02 1.72£0.01 | 1.291£0.02 | 1.78 £0.02
GA 1.22 £ 0.02 1.68 £0.01 | 1.20£0.02 | 1.73+£0.0]
GT 1.60 = 0.04 1.55+0.01 | 1.58£0.04 | 2.27 +0.07
GG 0.80+0.01 1.18£0.01 | 0.77£0.01 | 1.15+0.01
GC 0.46 +0.01 0.34+£0.01 | 04710.01 | 0.35+£0.01
CA 0.71 +0.02 1.05£0.01 | 0.72£0.02 | 1.34 +£0.03
CT 0.81 £0.01 1.14+0.01 | 0.80£0.01 | 1.20£0.02
CG 1.254£0.03 | 205+£0.06 | 1.26+£0.03 | 2.11+0.06
CcC 0.95 +0.01 1.18§£0.01 | 091£0.01 | 1.15+0.01

5The data for the clustering ratio values for other oligomers and taxonomic partitions of
GenBank are consistent with this statement.
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sequences to cluster and can be utilized in further studies of aggregates of
oligomers in DNA sequences. For example, different clustering ratios of various

dimers can suggest different mutation rates, specific for each dimer and organism. Clustering of Identical
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Appendix A: Derivation of Egs. (7) and (8)

To derive Eqg. (7) let us start from the definition of the length avdiage

L 1

gn = X
e Yo T NG e oM N/ L

[Al]

whereN? (¢), the number of oligomers of typén a sequence of length is deter-
mined by the Eq. (6). Thus,
| 1 1
(€)n = - — = A2
Tre - p)? SEp(i—p)  1-xl gz P

Analogously we can derive Eqg. (8):

1<>oM o M M

D=7 X3 AN =Y il = p)f = Y= Yl 1A3)

C:] i=1 =1 i=1 =1 =1

Thus,

M d ., p;

(O =D (1 —p)? Pig sz Z ]71')2(])1’5)2 -1+ ZZ i [A4]

=1 P =1 ? 1- - P

Appendix B: Dispersion of Rand R, Due to the Finite Length of the Sequence

Let us denote the probability density of finding a cluster of lenfthP; (¢), where
i =1, ...,M. For the uncorrelated random sequence,

NO(E)  pl(1 — po)?
Pi(l) = ZN()zpl(ll_i’), [B1]

wherey = |M§1 p? x = i=1M pi2. The dispersion of the cluster length is

o) = () — (1) = 11X[1+’Zl_pj (1ix)2=x+0</\>- (2]

The dispersion of the average value of cluster lemaft(l/0), due to the finite size
of the system is

= 702(5) . [B3]

SinceN =L (1 - x) (see Egs. (2) and (7)), we find using Eq. (2) that

o((8) = %mmm» (4]



86

Stanley et al.

Since the dispersion due to the errors in measuygiig negligible, the standard
deviation of theR, values can be computed as follows:

(R = 2O ey B5]
W) = T = =7 U G
Thus,
Analogously, we calculate (R,,):
o((€>w) 1 1
a(R, =1 [B7]
W) =0, 1 VIR

According to the Cauchy-Bounyakovsky inequality, the minimal valygi®flM.
Using Egs. [B6] and [B7], we estimate the dispersion due to the finite sampling ¢
for all entries of Table I. In all cases the expected fluctuations of clustering rat
due to the finite sampling size do not exceed the error found directly by analyz
different data segments and, hence, can be neglected.

Appendix C: Ratio Measures for Markov Sequences

For the one-step Markov sequence, generated with the helll of sl matrix |[1;]],
whose elementS;; are probabilities of finding elemengfter elemeny, the prob-
ability densityP; (¢) of finding an oligomer of lengthis (6)

plni_l(l — H,‘,‘)z [Cl]

Pil) = S

wherexy =M pn

The average length of oligoméi,],, is computed in analogy to Appendix A:

1
)t = . [C2]
I—xm
and analogously
<€>w,1\1 = (1 + 2\M) . [C3]
Following the arguments of Appendix B, we find
om(R) - c4
M n) R i
\/Z\/XM [C4]
and
1 1
om(Ry) & —=—— [C3]
\/>

Thus we see that the errors in ratio values due to the finite length®) of the
Markov sequences are negligible.
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