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ABSTRACT

The purpose of this work is to determine the most
frequent short sequences in non-coding DNA. They
may play a role in maintaining the structure and
function of eukaryotic chromosomes. We present a
simple method for the detection and analysis of
such sequences in several genomes, including
Arabidopsis thaliana, Caenorhabditis elegans,
Drosophila melanogaster and Homo sapiens. We
also study two chromosomes of man and mouse
with a length similar to the whole genomes of the
other species. We provide a list of the most common
sequences of 9-14 bases in each genome. As
expected, they are present in human Alu sequences.
Our programs may also give a graph and a list of
their position in the genome. Detection of clusters
is also possible. In most cases, these sequences
contain few alternating regions. Their intrinsic struc-
ture and their influence on nucleosome formation
are not known. In particular, we have found new
features of short sequences in C. elegans, which
are distributed in heterogeneous clusters. They
appear as punctuation marks in the chromosomes.
Such clusters are not found in either A. thaliana or
D. melanogaster. We discuss the possibility that
they play a role in centromere function and
homolog recognition in meiosis.

INTRODUCTION

For a long time it has been known that genomes contain a
large amount of non-coding DNA. This DNA was sug-
gested to be ‘junk’ or ‘parasite DNA’ with no specific
function (1,2), although recent work has shown that a
large fraction of this DNA is transcribed (3). The
sequences present in non-coding DNA are complex and

probably include features which are essential for chromo-
some structure, such as chromosome condensation, axis
formation, homologous chromosome pairing in meiosis,
etc. Our working hypothesis is that such features will be
found in short sequences of DNA with a similar compo-
sition. The programs we have developed are aimed to find
the eventual presence of such sequences. It should be
taken into account that a large fraction of non-coding
DNA is very variable in sequence, even when closely
related species are compared. It could be involved in
important structural/functional roles, which do not
require exact sequence conservation (4). The recent avail-
ability of whole-genome DNA sequences allows a study of
the length, composition and distribution of such short
abundant sequences in the genome, as a prerequisite to
determine their eventual function. Our results will be
placed in the context of other non-coding DNA sequences
which are present in the genome, such as microsatellites,
longer satellites, SINEs, LINEs, etc. Microsatellites are
long tandem repeats of short sequences, usually 1-6
bases in length. We have recently analyzed their distribu-
tion in different genomes (5).

A vast amount of data is available on repeated
sequences in the genome. The main categories of repeats
in vertebrates were already analyzed by Smit (6) in 1999.
References to the methods used by different authors and
the results obtained can be found in RepBase (7). Most of
the methods available are aimed to find comparatively
long sequences, which are repeated only a few times in
the genome. For the results presented in this paper, we
required a simpler method, suitable to discover and
analyze short sequences (9-14 bases), which may be
found many times in each genome. We have also
developed a method to detect clusters of such sequences.
We have studied the whole genomes of Arabidopsis
thaliana, Caenorhabditis elegans, Drosophila melanogaster
and Homo sapiens and one chromosome of mouse and
man. Selected references to previous related studies with
these species are given throughout the text. As examples of
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the application of our methodology, we discuss some
features of selected sequences in man and mouse. We
also describe the frequent sequences found in C. elegans.
We compare our results with those obtained with other
methods. In order to analyze the results obtained with
different species, it should be noted that in vertebrates
the average length of genome sequence, which corre-
sponds to one protein-coding gene, is much greater than
what is found in the other species studied here.

We believe that the abundant sequences that we have
discovered deserve further studies with biophysical
methods (X-ray diffraction, nuclear magnetic resonance,
etc.), in order to determine if they present any specific
structural features or may be targets for interaction with
drugs and proteins. In particular, some of these sequences
may influence nucleosome shape and position in the
genome.

METHODS

The sequence data were downloaded from Genbank
(http://www.ncbi.nlm.nih.gov/genomes/leuks.cgi). ~ They
were analyzed with two different programs, which are
described below.

MREPATT

This program has been described elsewhere (8) and is
freely available at our website (http://alggen.lIsi.upc.edu).
It works with genome sequences already stored in our
website or introduced by the user. It works with the
standard bases A, T, C and G. It calculates the number
and distribution of exact tandem repeats of a desired
sequence and its complementary one. It also gives
graphical representations. A whole chromosome can be
viewed and zoomed on it down to fragments of 100 bp
where the sequence is represented. The program can cal-
culate several repeat sequences at the same time, but it can
only visualize the distribution of individual sequences.

CONREPP

This program, also available at our website, is presented
here for the first time. It allows the introduction of alter-
native base positions in any sequence by using the
International Union of Pure and Applied Biophysics
(IUPAB) symbols. It has several options. It may calculate
the number and distribution of exact tandem repeats, but
only on one strand of DNA. The program uses a different
graphical representation, where several repeats can be rep-
resented in the same figure (Option 1). Palindromic
repeats may also be calculated (Options 2—4). Clusters of
short repeats can also be found (Option 6).

Another alternative of the program (Option 5) searches
for the frequency of short sequences in whole genomes.
The inputs of the program are the length of the sequences,
one FASTA file, and the number r of most frequent
sequences to be found. This program is the main tool
used in this paper in order to determine the most
frequent short sequences found in each genome. A list of
the r = 100 most frequent sequences of 9—-14 bases is given
as part of the Supplementary Data. The list covers the
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whole genome of four species and two chromosomes
with a similar size from man and mouse.

RESULTS
The most frequent short sequences

In the Supplementary Data, we not only give a list of the
100 most frequent sequences of 9-14 bases in the whole
genomes of C. elegans, A. thaliana, D. melanogaster and
H. sapiens, but also give the list of the most frequent
sequences in chromosome 12 of both man and mouse.
The latter chromosomes have been chosen because they
have a size similar to the whole genomes of the other
species; they are not evolutionary related. Note that the
relative amount of non-coding DNA in man and mouse is
much larger than in the other three species studied. This
fact should be borne in mind in the analysis of the results
we present below.

Inspection of the list of sequences shows that there are
several classes of frequent sequences:

(i) microsatellite fragments;

(i) microsatellite fragments with one or two bases
changed; and

(iii) unique sequences.

The unique sequences are, in general, complex. They
belong to two main classes: (i) the partial repeats of
shorter sequences, for example, from the telomeres; and
(i1) the partial sequences of longer frequent sequences,
such as Alus.

In all cases, partial redundant sequences are found in
the list. For example. in the case of the undecamers in man
we find as frequent sequences TGGGATTACAG, CTGG
GATTACA, GGGATTACAGG, etc.,, all of them
overlapping fragments of the A/u sequence. Thus, the
basic list has to be carefully analyzed in order to determine
the eventual relationship among different abundant
sequences.

We will first briefly discuss the distribution of
microsatellite fragments and then present the unique
short sequences present in the different species we have
analyzed.

Microsatellite fragments

Microsatellites are repeated tandem sequences of a short
motif which is 1-6 bases long. However, there is no sharp
definition on the length of a tandem repeat in order to be
considered a microsatellite. Usually, sequences of over 20—
30 bases are considered as microsatellites. In our previous
study (5), we defined tandem sequences, which were over
24 bases long, as microsatellites.

The distribution of microsatellite fragments with a short
motif is given in Table 1. Microsatellites with a longer
motif of three and more bases (data not shown in Table 1)
are also very frequent in the mouse and in
D. melanogaster. A few are also found in A. thaliana.
A detailed analysis is presented in our previous study (5).

A peculiarity of the microsatellite distribution in
D. melanogaster is the absence of the very abundant
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Table 1. Microsatellite fragments of 11 bases in different genomes

Species Caenorhabditis elegans — Arabidopsis thaliana — Drosophila melanogaster ~ Mus musculus chromosome 12 Homo sapiens chromosome 12
CG % 35.44 36.03 42.46 41.75 40.82

N, bases 100269917 118997677 118348 385 117459310 130303032

A/T 10955 20312 22434 18 547 39140

TA 1949 7633 6898 7450 5897

CA/TG 2038 1151 12419 42343 11738

TC/GA 2739 5549 2920 22731 5216

CG 153 6 18 512 119

G/C 1998 279 2635 3043 255

The number of repeats has been calculated with the CONREPP program. The repeats found in both strands have been added. Only microsatellites

with a motif of 1-2 bases are shown.

Table 2. A selection of frequent tetradecamer sequences in the genome of A. thaliana

Identification number Sequence Numbers of times Comments

1 (AAACCCT), 1235 Dimer of telomere sequence
2 TTGGTTAGTGTTTT 1160 Part of centromeric repeat
3 GATGTCATGTGTAT 1259 Part of centromeric repeat
4 AAAGCTTTGATGGT 1221 Part of centromeric repeat

motifs found in heterochromatin (9), which are not
present in the euchromatin sequenced genome.
Nevertheless, microsatellites with other motifs are very
abundant. However, it does not present any unique
sequence repeated a substantial number of times. Here,
this species is not further analyzed.

Frequent short sequences in A. thaliana

In the case of A. thaliana, the most frequent sequences are
usually strings of As or Ts interrupted with another base.
However, there are also a substantial amount of abundant
unique sequences distributed in the genome, mainly in the
centromeric regions. The most abundant of them are given
in Table 2. Sequence 1 is actually part of the telomeric (A
AACCCT), sequence which has been found to be frequent
in some centromeric regions of Arabidopsis (10). The
other sequences in the table are part of the centromeric
repeat (11,12). Sequence 3 in Table 2 has the peculiarity of
presenting a high degree of purine—pyrimidine alternation
of sequence, which is found neither in the other sequences
in Table 2 nor in those we have found in the other species
that we describe next. As an example of the distribution of
these sequences, in the Supplementary Data, we give a
map of the centromeric region of one chromosome of
A. thaliana (Supplementary Figure S4). Each chromosome
in this species has a different pattern of short repeated
sequences in the centromeric region, a question which
deserves further studies.

Frequent short sequences in C. elegans

The genome of C. elegans has a high concentration of
protein coding genes, about 1 gene/5kb. In vertebrates,
the density of genes is much lower, about 1 gene/100 kb.
Thus, the C. elegans genome contains only a compara-
tively small amount of non-coding DNA. This feature
indicates that C. elegans is a very appropriate organism
in order to study the eventual structural role of

non-coding DNA. Furthermore, C. elegans has holo-
centric chromosomes: during mitosis the centromere
function is distributed along the whole condensed chro-
mosomes. The centromere-specific histone variant
CENP-A, for example, localizes along the whole length
of mitotic chromosomes (13). However, no direct relation-
ship has been established between the sequence and distri-
bution of repeated sequences and the localization of
centromere/kinetochore activity. Therefore, it appears of
interest to study such sequences in greater detail.

Repetitive sequences in C. elegans have been studied by
several authors (14-18). Some of those sequences were
briefly described in the original paper presenting the full
sequence of this organism (19). Most of these repeats have
been stored either in the Repbase database (7) or in the
website of the Sanger Institute (http://www.sanger.ac
.uk/Projects/C_elegans/repeats). The data available in
each site are complementary, different sequences may be
found. Most of them are rather long, occur only a few
times in the whole genome and show many mutations.
Here, we apply the methods described above and find
new features which complement previous results.

In Table 3, we present a list of some of the most
frequent tetradecamer unique sequences found in C.
elegans. A list with the location of sequences 1, 2 and 3
in chromosome I is given in the Supplementary Data.

Inspection of the tables given as Supplementary Data
indicates that the ATTTGCCG octamer is very frequent.
This sequence is part of la in Table 3. In the available
databases of repeats mentioned above, we only detected
one cluster of this sequence, described as HAT1_CE (7).
Its sequence is analyzed in the Supplementary Data
(Supplementary Figure S9). However, we have found
that ATTTGCCG and related sequences are very
abundant throughout the whole genome of C. elegans.
Calculation with MREPATT shows that ATTTGCCG
occurs 28 646 times in the genome, of which 2108 are
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Table 3. A selection of frequent tetradecamer sequences in the genome of C. elegans

Identification number Sequence Number of times Comments

la TTGCCGATTTGCCG 2777 + 2446 Partial repeat of ATTTGCCG

1b TTTGCCGGAAATTT 2711 + 2328 Associated to ATTTGCCG

Ic AAATTGCCGGAATT 1449 + 1432 Associated to ATTTGCCG

2 TAGGCTTAGGCTTA 1688 + 1730 Telomere-like repeat of TTAGGC

3 GAAATTCAAATTTT 1485 + 1336 Found near Helitron transposons (13)
4 ACTACAAACTACAA 1670 + 1499 Dimer of ACTACAA

5 T/m/SA/n 2216 m=>7 and n>7

6 T/m/SA/n 2863 m>6and n>6

The first number corresponds to the sequence shown in the table, the second number to the complementary sequence. Sequences 5 and 6 are

palindromic, they occur simultaneously in both strands.
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Figure 1. Representation of chromosome I of C. elegans obtained with the CONREPP program. In the upper frame are shown the following
sequences, described in Table 3: (ATTTGCCG), in black; a dimer of the telomere repeat (TTAGGC), in red and GAAATTCAAATTTT in blue.
In the figure, only the repeats found in the forward strand are presented. A similar representation is found in the complementary strand (data not
shown). The sequence of a few repeats and numerical results of their distribution are given as Supplementary Data. In the lower frame are presented
at the same scale the following sequences: (AG)s in blue, (AT)s in red and A, T, in black, with n, m>5.

dimers. A few trimers (101 cases) and tetramers (two
cases) are found as well. This octamer sequence does not
show a significant frequency in the other species studied.
Only in D. melanogaster a substantial number of cases
is found (5090 cases), but only as individual, isolated
sequences. In C. elegans, most of these octamers occur
also as isolated sequences, but there is a significant
number which appear associated in clusters together
with other abundant sequences (1b and 1c), also shown
in Table 3. Practically, all clusters of the latter sequences
are absent in the central part of the chromosomes, as
demonstrated in Figure 1. The exact sequence for some
of them is given as Supplementary Data for chromosome
I. In Figure 2, we give a detailed view of one fragment of
chromosome I, where the position of some clusters can be
viewed in detail. The figure illustrates that each cluster
shows a different distribution of sequences, as it is also
clear from the examples given as Supplementary Data.
Clusters which also include sequence lc (Table 3) are
also common. It is difficult to give exact numbers for the
number of clusters, since it will depend on the quantitative
definition of a cluster. We can tentatively define a cluster
as a segment of 200 bases, which contains at least five
ATTTGCCG motifs or five complementary CGGCAAA
T motifs. In general, both types of clusters show different
positions. With the CONREPP program (Option 6), we
have found the number and position of such clusters in all
chromosomes, which are given in the Supplementary Data
(Supplementary Table S5). We find a total of 1658
clusters, with an average density of 16.5 clusters/Mb.
Chromosome X has a significantly lower density of only
2.7 clusters/Mb. However, these numbers are only approx-
imate, since they do not include clusters in which motifs 1b

or lc may also be important. On the other hand, large
clusters, such as those given in Supplementary Figures
S7 and S8, are counted as several clusters. Examples are
given in Figure 2 and in the Supplementary Data. Some of
these clusters are very large and cover 1-3 kb. It is striking
that each cluster has a very different structure.
Comparison of the figures in the Supplementary Data
demonstrates that some of them are very regular
(Supplementary Figure S7). Other clusters appear to
have evolved from a regular arrangement, but display
many point mutations, insertions and deletions
(Supplementary Figure S6). In very large clusters
(Supplementary Figure S8), a complex organization is
apparent, with internal long repeats. Different combina-
tions of the la, 1b and lc sequences, given in Table 3, are
found in such cases. The other sequences given in Table 3
are not present in any of these clusters.

The other abundant tetradecamer sequences (Table 3)
are also found at both ends of the chromosomes. Some
of them are shown in Figure 1. For comparative purposes,
we also present the distribution of two short micro-
satellites of 10 bases in Figure 1. They appear to be
evenly distributed along the whole chromosome.

The telomere-like repeat (sequence 2 in Table 3) also
occurs in clusters. However, the number of clusters
found is smaller than those found with the ATTTGCCG
motif. An example is given in Supplementary Figure S5.
In this case, the original hexamer structure is clearly
maintained, but with many frequent point mutations.
The telomere-like repeats may be considered as heavily
mutated microsatellites. Internal telomeric repeats have
been described in C. elegans (20) and in other species
(21,22); however, in C. elegans they are much more
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Figure 2. Example of the irregular size and distribution of clusters of repeated sequences. In the upper frame, a region of 500 kb of chromosome I of
C. elegans is shown. Below is presented an enlargement of the region around 2.65 Mb covering 20 kb. Each cluster covers between 200 and 500 bases.
The following sequences are shown: AAATTTCCGGCAAA (complementary to 1b in Table 3) in black; CGGCAAAT in red and its complementary
sequence ATTTGCCG in blue. Note that the sequences presented here are different from those shown in Figure 1.
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Figure 3. Distribution of different short sequences at the terminal end of chromosome V of C. elegans (16-20.9 Mb). The abundant dodecamer
TTGGGCGCTGCT described by Phillips et al. (23) is shown in black. In red the repeat 4 (Table 3), which is associated with TTGGGCGCTGCT,
also shows additional clusters. An example of the detailed sequence of several clusters of the latter two sequences is given in the Supplementary Data
(Supplementary Figure S12). The abundant sequence ATTTGCCG (Part of la in Table 3) is shown in blue. The latter is excluded in the regions
occupied by the other two sequences shown in the figure. Other repeated short sequences are also present in this region (Supplementary Figure S13).

abundant and longer. We have found about 900 clusters in
the whole genome (data not shown).

The third sequence studied (Nr 3 in Table 3) is part of a
longer sequence of 35 bases:

GAAATTCAAATTTTCAGTGAAAAAAATTTTGG
CGG

This sequence occurs in all chromosomes, but it is par-
ticularly abundant in chromosomes IV (66 times) and V
(59 times). It is rather rich in AT (71%), when compared
with the other sequences given in Table 3. Point mutations
are common. These sequences are usually associated in
longer repeats of up to 17 times the unit of 35 bases.
Thus, they may be considered as satellites with a repeat
of 35 bases which shows a few mutations. This sequence
has already been reported as associated to Helitron
transposons (7,18). It is also most frequent in the
terminal regions of chromosomes (Figure 1), although
there are exceptions. In chromosome I, for example,

there is a cluster of 22 repeats around position
7.741 Mb. (A list with their positions is given in the
Supplementary Data.) In Figure 1, it appears as a single
blue line due to the low magnification of the figure.

Sequence 4 has a more restricted distribution. It is
mainly present in one end of chromosome I
(Supplementary Figure S10), but occurs at one end of
chromosome V as well (Figure 3). In the other chromo-
somes, it is less frequent.

An additional class of frequent sequences are A, T, and
T,,A,, which are much more frequent in C. elegans then in
the other species studied (data not shown). For m, n>5
there are about an equal number of A, T, and T,A,
sequences (11850 and 11693). If m, n>7, then the
number of T,,A, is very small, 98 cases, whereas the
number of A,T, motifs is comparable to other
tetradecamer sequences (Table 3). Some of them are pre-
sented in Figure 1. Related sequences are also common,



such as T,,SA,, (S = G or C), which occurs 12549 times,
with m>5, n>5. A, ST, occurs less frequently. All these
sequences are also more abundant at the ends of chromo-
somes, but do not tend to form clusters. Instead, they are
found embedded in long regions which contain large
amounts of adenine and thymine repeats. With regard to
their eventual role, it should be noted that the A,,T,
sequence is expected to be rigid, whereas T,,SA, always
presents a flexible TG/CA step in the center. These differ-
ences in rigidity will certainly influence their position in
nucleosomes.

A general feature of all the sequences which we have
described, including most long microsatellites (data not
shown), is their much lower frequency in the central part
of all chromosomes. They tend to accumulate in regions
which span about one-third of the chromosomes al each
end. The central 40% part of each chromosome is, in
general, depleted of such sequences. Another peculiarity
is the lower frequency of all these repeated sequences in
the X chromosome, as it is apparent by inspection of the
results on clusters given in the Supplementary Data.

Regions of special interest in the chromosomes of C.
elegans are the pairing centers, present at one end of
each chromosome. These centers contain specific
sequences (17,23) which appear to be a starting point for
homologous pairing and synapsis during meiosis. They
also associate with the nuclear envelope, in a way
similar to the bouquet conformation described in many
species (24,25). It is not clear (24,26) which is the
relative importance of the telomere and pairing center
sequences in order to establish the interaction with the
nuclear membrane. Previous studies (17,23) have
emphasized the distribution of some of these sequences,
but other short sequences are also present in these regions
(Supplementary Figure S13). The overall distribution
is quite complex. Examples are given in Figure 3 and in
the Supplementary Data (Supplementary Figures
S10-S13). It is therefore not clear if the specific sequences
described at the end of the C. elegans chromosomes
(17, 23) are the only players in establishing the pairing
center function of these regions.

As a general conclusion, our results show that the chro-
mosomes of C. elegans are punctuated by a series of
clusters which contain similar motifs, but have very differ-
ent individual sequences. Such clusters are clear structural
marks in the non-coding regions of the C. elegans genome.
We consider their eventual role in the discussion.

The Alu sequence and related SINEs

Some of the most frequent unique sequences in the human
chromosome 12 are given in Table 4. The list of common
sequences in the whole human genome and in its chromo-
some 12 is practically identical, as shown in the
Supplementary Data. In Table 4, we give one selected
sequence in each of the five most conserved regions of
the Alu sequence (Figure 4). The Alu sequence is known
to occur about 1 million times in the human genome: it is
the most frequent SINE. Inspection of the list of the 100
most frequent sequences in the human genome (given as
Supplementary Data) shows that, as expected, most of
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Table 4. A selection of frequent tetradecamer sequences in chromo-
somes 12 of man and mouse

Alu-1 CCTGTAATCCCAGC 15933 + 16036
Alu-2 CTAAAAATACAAAA 9529 + 9653
Alu-4 TGCACTCCAGCCTG 10765 + 11000
Alu-5 TCTCAAAAAAAAAA 7257 + 7158
BI-1 CAGCCTGGTCTACA 2728 + 2807
BI-2 CTTTAATCCCAGCA 2582 + 2528

The Alu sequences reported in the table correspond to the different
highly conserved regions shown in Figure 4. Alu-3 is not shown; it is
an internal duplication of Alu-1.

them are either microsatellites or part of the Alu repeat.
In Figure 4, we represent two members of the A/u family.
The undecamers which appear more frequently in the
whole human genome are highlighted in bold type. They
overlap and cover five different regions in the whole A/u
sequence. It is clear that there are several regions in the
Alu sequences which are more conserved than the rest. The
first and third regions correspond to an internal repeat,
which explains the higher frequency of Alu-1 in Table 4. It
is interesting to note that all of the latter sequences are
present in the consensus sequence determined by Price
et al. (27). Our results complement their observations,
showing which regions of the sequences are more highly
conserved throughout the human genome. These
conserved regions appear to have a rigid conformation,
since they contain many polypurine and polypyrimidine
tracts (Figure 4).

It should be noted that the number of frequent
sequences shown in Table 4 is significantly lower than
the number of A/u sequences in chromosome 12, which
is about 40 000. This is because point mutations, insertions
or deletions have not been counted. Inspection of a few
Alu sequences shows, for example, that the Alu-2 motif
undergoes frequent changes, while it always conserves
adenine tracts of variable length. It should be noted that
in the study of Price et al. (27), insertions and deletions
were not considered.

Another feature of the A/u sequence which we have
noticed is the presence of a tract of adenines at the end
of it, after the terminal TCTCA sequence. In fact, the TCT
CA,/T10GAGA sequences occur 14415 times in human
chromosome 12 (Table 4). Thus, between the Alu-2 region
and the end of the A/u sequence, there is a sequence of 149
bases which is limited by two adenine tracts, a fact which
suggests that this part of the 4/u sequence determines a
well-defined nucleosome structure, according to current
models of sequence features which define nucleosome
position (28,29). In agreement with this suggestion,
Englander and Howard (30; Figure 4) have reported
that part of this region gives a strong rotational signal.
The first part of the sequence before the Alu-2 motif is
shorter. No well defined A-tract, has been detected ahead
of it. Thus, this region of the A/u sequence does not appear
to clearly define a nucleosome position.

In the mouse there is also a widespread SINE called Bl
(31), although it occurs less frequently than the human
Alu. The two most frequent unique repeats, which are
part of this SINE sequence, are also given in Table 4.
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>AluSx:

Alu-1

ggccgggcecgeggtggectcacGCCTGTAATCCCAGCACTTTGGGAGGCcgaggcgggcggatcacctgaggt

Alu-2

caggagttcgagaccagcctggccaacatggtgaaaccccgTCTCTACTAAAAATACAAAAALtagccggg

Alu-3

cgtggtggcgcgcGCCTGTAATCCCAGCTACTCGGGAGGCTGAGGCAGGAGaatcgecttgaacccgggagge

Alu-4

Alu-5

ggaggTTGCAGTGAGCcgagatcgcgCCACTGCACTCCAGCCTGGG cgacagagcgagactccgTCTCAAAAAAAAAA

>AluJo:

ggccgggcgcggtggctcacGCCTGTAATCCCAGCACTTTGGGAGGCcgaggcgggaggattgecttgagec

caggagttcgagaccagcctgggcaacatagcgagaccccgtctctacaAAAAATACAAAAAL tagcCcggg

cgtggtggcgcgcgecctgtagTCCCAGCTACTCGGGAGGCTGAGGCAGGAGgatcgecttgageccaggagt

tcgaggctgcagtgagctatgatcgcgCCACTGCACTCCAGCCTGGGCcgacagagcgagaccctgtetea

Figure 4. Sequence of two Alu repeat elements. J, is considered to be the oldest sequence and Sy the most abundant (27). Undecamer regions of the
sequences in bold type are present over 400000 times in the human genome. All of them are present in the consensus sequence determined by Price
et al. (27). The names of the five most conserved regions correspond to those given in Table 4. The J, and S, sequences have been downloaded from
RepBase (7). A string of nine adenines was added at the end of the S, sequence, since it was found to be also highly conserved. The only region

which shows a highly alternating purine/pyrimidine sequence is underlined.

When mouse and man are compared, it is clear that
microsatellites in the mouse are comparatively much
more abundant (Table 1), a fact which is also apparent
by inspection of the list of the 100 most frequent sequences
given in the Supplementary Data.

It is interesting to note that two of the motifs (Alu-1 and
BI-2) given in Table 4 are clearly related. The undecamer
sequence TAATCCCAGCA is very abundant in both Bl
and Alu sequences. Looking at the context of these
sequences, the CTTT tetramer found at the start of BI-2
is also found next to the end of Alu-1 (Figure 4). The
evolutionary conservation of this sequence might have a
structural significance.

DISCUSSION
The sequences

Inspection of the most frequent sequences in Tables 24
shows that short clusters of purines/pyrimidines are
frequent in all of them, such as AAA, GGAA, TTT,
CCC, CTT, etc. Most of the 100 abundant sequences
given in the Supplementary Data show this feature. The
only exception is repeat 3 in A. thaliana (Table 2), which
has a highly alternating purine—pyrimidine sequence.
Another alternating region is found in the 4/u sequence,
which is indicated in Figure 4. Alternation is only favored
in some microsatellites, such as (TA), and (CA),. The
latter is particularly abundant in M. musculus and D.
melanogaster, as well as in H. sapiens, although in the
latter species it has a lower relative frequency.

It has been shown (32) that such short clusters of
purines/pyrimidines may decrease the flexibility of
oligonucleotides, but there are no crystallographic data
on sequences such as those given in Tables 2-4.

Therefore, it appears of interest to study in greater detail
the structural features of these abundant sequences, which
show significant differences with the highly studied d(CGC
GAATTCGCG). It should be noted that the latter
sequence is very rare in most genomes. This fact is not
surprising, since it contains four times the CG dimer,
which is known to have a low probability of appearance.
In particular, for the study of drugs which interact with
DNA, sequences which are frequent in the target organism
should be used in structural studies. In addition, their
influence on nucleosome structure should be established.
The methods that we have presented in this paper may be
used to determine which sequences might be the most
appropriate to study in each particular case.

Clusters of frequent sequences such as those presented
in Figure 2 and in the Supplementary Data may also have
a strong influence on the formation and position of
nucleosomes (28,29). They may either induce variant
nucleosome structures or prevent nucleosome formation.
It is well known that DNA sequence has a strong influence
on nucleosome structure, either by the formation of very
stable nucleosomes (33-35) or by preventing their forma-
tion (36). In particular it has been shown (37, Figure 3)
that GCCGG/CCGGC and TGCCG/CGGCA are not
frequent within nucleosomes of C. elegans. The latter
sequences are part of the frequent tetradecamers shown
in Table 3. In fact, when the nucleosome prediction
program of Kaplan et al. (37) is applied to the sequence
shown in Figure 2, no nucleosome positions are predicted
in the regions occupied by ATTTGCCG and related
sequences. However, it cannot be excluded that they
form unusual nucleosome structures (38,39). It is
obvious that the role of these sequences in chromatin
structure deserves a detailed study.



A particular class of sequences which deserves further
studies are those found in telomeres. Practically, all
eukaryotes (excluding yeasts and Drosophila) have a
telomere consensus sequence of the type (C)T, 4(A)Go_4,
which is also a repeat of alternating clusters of purines
and pyrimidines. Again, very few structural data are avail-
able on DNAs with such sequences. For the biological
function of telomeres, their DNA structure in the form
of a duplex might be of significance. In fact, it is
unlikely that the telomere sequence of C. elegans might
be able to form guanine quadruplexes, since it contains
only two guanines.

Clusters of non-coding sequences and meiosis

We may now ask if the frequent sequences we have found
might have any structural role. It should be noted that
exons in protein-coding genes should not be expected to
play any structural role. They have evolved to optimize its
coding function; they will normally form standard
nucleosomes. On the other hand, some of the non-coding
sequences may have evolved to play a structural role
important for chromosome function (4).

In A. thaliana, the frequent sequences we have localized
are all found in the pericentromeric regions. In
D. melanogaster, we have not detected any short
frequent sequence, but it is known that in the centromeres
(9) they have abundant unique microsatellite and other
sequences (40), which we have not found in the sequenced
euchromatin of the genome. Microsatellites with a differ-
ent sequence (5) are frequent in both species. A list of the
simplest sequences is given in Table 1. They have a
random distribution throughout the euchromatin region,
they do not form clusters (data not shown), although
isolated sequences of 10-20 bases are common. Longer
sequences are occasionally found (5). Thus, both
A. thaliana and D. melanogaster only have unique
frequent short sequences in the pericentromeric regions.

A different situation is found in C. elegans, where
clusters of repeated sequences such as those given in
Table 3 are frequent all along the chromosomes.
Examples are given in Figure 2 and in the
Supplementary Data. Their eventual role in nucleosome
formation has been discussed above. Although each
cluster uses the same sequences, their local organization
is different in each cluster. These abundant short
sequences are distributed throughout the genome in a
very unique manner. It appears that these clusters are
structural punctuation marks throughout the genome.
Although they do not have an identical sequence, they
share features which may indicate a similar structural
role. Since this organism has holocentric chromosomes,
it is possible that some of these clusters have a
centromere-like function, including those which have
repeats of telomere sequences (41). The clusters of
repeated sequences in C. elegans may thus be considered
as spread out centromeric repeats. Our results suggest that
they might be considered analogous to the pericentromeric
regions in other organisms. They might also be involved in
meiosis, as discussed below.
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As found in practically all organisms which undergo
meiosis, as reviewed by different authors (24-26,42—45),
the first step in the premeiotic/leptotene stage is mutual
recognition of identical DNA sequences. This recognition
usually starts at special places in the chromosomes, such
as telomeres (bouquet conformation), pairing centers,
centromeres, heterochromatic regions, etc. Many models
have been suggested to explain mutual recognition, as
reviewed by Weiner and Kleckner (45). Some of them
suggest a role for repetitive DNA. The availability of
whole genome sequences allows a more detailed study of
this issue. In particular, in C. elegans, pairing starts at
specific regions at the end of chromosomes (25,46). In
the Supplementary Data, we have given some examples
of unique regions at the end of chromosomes
(Supplementary Figures S10-S13). In A4. thaliana, pairing
starts at the centromeres (43), each of them has a unique
distribution of repeated sequences. An example is given in
Supplementary Figure S4. In D. melanogaster, paring also
starts at the centromeres (42), each of which has a different
distribution of satellite sequences (9).

Chromosome pairing requires additional regions
throughout the chromosome, which will facilitate mutual
recognition. If the usual starting region is damaged, chro-
mosome pairing still occurs (26). Coding regions do not
appear appropriate for such recognition, they are usually
forming standard nucleosome structures which do not
appear capable of recognizing homologous sequences.
Non-coding sequences with unique structural features
may be involved in homologous chromosome pairing,
similar to the teeth in a zipper. However, homologous
recognition requires that each tooth has a specific struc-
ture. The clusters of ATTTGCCG and related sequences
(Table 3) may play such a role in homolog recognition.
Each cluster will have a different structure depending on
the exact combination of repeats. If these marks should
allow recognition of homologous sequences, it must be
assumed that they are able to recognize clusters with an
identical sequence in the sister chromosome. Recognition
could be either due to proteins which interact directly with
the ATTTGCCG clusters or due to specific nucleosome—
nucleosome interactions (47) promoted by changes in
proteins in the nucleoplasm, which may create a favorable
environment for homologous DNA recognition. Alterna-
tively, a direct DNA-DNA interaction cannot be excluded.
It is also possible that clusters of repeat regions may
coalesce with their neighbors along the same chromosome
and contribute to the formation of the axial core of chro-
mosomes found in leptotene in many species (48,49).

The interaction between the silent mating-type regions
HML and HMR in the yeast Saccharomyces cerevisiae
suggests one of the possible models for the hypothetical
interactions we have described. These two regions are
found at both ends of chromosome III at a distance of
about 280 kb. A nucleosome free region of each of these
two sites is associated with a specific multiprotein complex
(50). In spite of their distance in the chromosome, they
may pair and form a loop (51). Such an interaction is
conceptually similar to the recognition we have postulated
between clusters of related sequences in homologous chro-
mosomes in C. elegans. Another related model are the
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CTCF proteins, which recognize multiple G-rich
sequences in the human genome (52). The CTCF-DNA
complexes can interact and also give rise to chromatin
loops (53).

In D. melanogaster, homologous chromosomes are
paired throughout mitosis and meiosis (42), also in giant
chromosomes. In that case, pairing could be facilitated by
clusters of microsatellite sequences. In this organism,
homolog pairing also starts in the centromere (42),
where microsatellites with a unique distribution are
present (9,54). In the case of vertebrates, clusters of
SINE, Alu and some microsatellite sequences could also
be involved.

In order to demonstrate the hypothesis we have pre-
sented, it is first necessary to show that the abundant
sequences we have found (such as ATTTGCCG and
related repeats in C. elegans) do indeed determine special
chromatin  regions which might either exclude
nucleosomes or form unique nucleosome structures, a
question which deserves detailed studies. In any case, it
is clear that these abundant short sequences provide
unique structural marks. Unfortunately, the molecular
target of the proteins (55-57), which participate in the
specific structure of meiotic chromosomes, is not known.

CONCLUSIONS

The methods we have introduced show that some short
nucleotide sequences are very abundant throughout
genomes. They usually contain short clusters of contigu-
ous purines/pyrimidines. It is clear that their structural
properties and distribution in the genomes should be
studied in greater detail, in order to determine their
affinity for chromosome structural proteins, their influence
in the formation of nucleosome structures, their potential
for drug binding and other genome features. We have sug-
gested a role for some of them in chromosome pairing in
meiosis. As stated in a recent paper, ‘the question of how
chromosomes recognize their appropriate partners
remains unclear’ (23). In any case, it is clear that they
provide structural marks in the genome, which may
provide an explanation for the abundance of non-coding
regions in eukaryotic genomes. Similar structural roles
may hide under the variability in sequence of many
non-coding sequences.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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