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Abstract

Scaffold/matrix-associated region (S/MAR) sequences are DNA regions that are attached to the nuclear matrix, and participate in many
cellular processes. The nuclear matrix is a complex structure consisting of various elements. In this paper we compared frequencies of simple
nucleotide motifs in S/MAR sequences and in sequences extracted directly from various nuclear matrix elements, such as nuclear lamina,
cores of rosette-like structures, synaptonemal complex. Multivariate linear discriminant analysis revealed significant differences between
these sequences. Based on this result we have developed a program, ChrClass (Win/NT version, ftp.bionet.nsc.ru/pub/biology/chrclass/
chrclass.zip), for the prediction of the regions associated with various elements of the nuclear matrix in a query sequence. Subsequently,
several test samples were analyzed by using two S/MAR prediction programs (a ChrClass and MAR-Finder) and a simple MRS criterion
(S/MAR recognition signature) indicating the presence of S/MARs. Some overlap between the predictions of all MAR prediction tools has
been found. Simultaneous use of the ChrClass, MRS criterion and MAR-Finder programs may help to obtain a more clearcut picture of
S/MAR distribution in a query sequence. In general, our results suggest that the proportion of missed S/MARs is lower for ChrClass,
whereas the proportion of wrong S/MARs is lower for MAR-Finder and MRS. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The model of loop-domain organization of eukaryotic
chromosomes is now widely accepted [1^4]. According to
this model topologically independent chromatin loops are
attached to the nuclear matrix/sca¡old. Various nuclear
matrix/sca¡old proteins, which potentially participate in
the loop organization of chromosomes, have been identi-

¢ed and some of their characteristics have been studied
[1,4^8]. Sites at which chromosomal DNA is attached to
the nuclear matrix/sca¡old are called S/MARs (sca¡old/
matrix-associated regions) [2,9]. A number of possible
functions have been discussed earlier for S/MARs, which
include forming boundaries of chromatin domains, chang-
ing of chromatin conformations, participating in initiation
of DNA replication and organizing the chromatin struc-
ture of a chromosome [10^12]. S/MARs are common in
centromere-associated DNA [13] and telomeric arrays
[14,15], and appear to be important in mitotic chromo-
some assembly and maintenance of chromosome shape
during metaphase [16]. Thus, S/MARs are involved in
multiple independent processes during di¡erent stages of
the cell cycle, and indeed this functional plethora may be
the key reason for the high heterogeneity in S/MAR se-
quences. At ¢rst glance a typical S/MAR is built from
several nucleotide motifs, none of which is highly speci¢c
(reviewed in [17]). The recent identi¢cation of the S/MAR
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recognition signature (MRS) simultaneously revealed
S/MARs without this motif [18], similar to the case of
the DNA topoisomerase II consensus sequence [19].
Many characterized S/MARs are AT-rich, but simply
being AT-rich does not make a DNA fragment a
S/MAR [13,20,21].

Another S/MAR identi¢cation problem is the variability
of the nuclear matrix itself. Matrix attachment regions are
identi¢ed by in vitro binding assays that measure the af-
¢nity of a cloned DNA fragment with the nuclear matrix.
However, di¡erent methods of isolation (2 M NaCl, LIS
detergent, electroelution) can yield di¡erent nuclear matrix
contents, thus, a nuclear matrix is a functionally de¢ned
structure. A typical nuclear matrix from somatic cells con-
sists of various elements, including the nuclear pores^lam-
ina complex, residual nucleoli, and a ¢brillar-granular net-
work (inner matrix) [22]. The latter is considered to be the
most variable [23,24]. In addition, in meiotic cells the syn-
aptonemal complex (SC) proteins are an integral part of
the nuclear matrix in prophase I [25]. Therefore, it has
been generally assumed that preexisting nuclear matrix/
lamina proteins participate in the molecular organization
of the synaptonemal complex during meiotic prophase and
presumably coevolve with some synaptonemal complex
protein (SCP1) [26^28]. Consequently, properties of
nucleotide sequences associated with the nuclear matrix
depend on the method of their isolation, i.e. they could
be de¢ned by the matrix elements that these sequences are
associated with. All S/MARs known in the chromosomes
of somatic cells were identi¢ed through speci¢c interac-
tions of DNA with the nuclear matrix, however, experi-
mental conditions may vary considerably [9,10]. To date
there is no experimental evidence to suggest which partic-
ular elements of the nuclear matrix the S/MARs are asso-
ciated with, although there are examples of chromosomal
DNA fragments directly extracted from chromosomal/nu-
clear substructures, i.e. elements of the nuclear matrix,
such as the nuclear lamina, cores of rosette-like structures
(which are presumably the part of the ¢brillar-granular
network, i.e. the inner matrix), and synaptonemal complex
(in meiotic cells) [29^32]. Initially we suggested there
should be some kind of correspondence (at the nucleotide
level) between these sites and S/MAR sequences. In what
follows, we will discuss mainly the characteristics of
S/MARs; however, the other classes of sites mentioned
above may possess very important functions and should
also be taken into consideration.

We used a multivariate linear discriminant analysis
(LDA) to compare the nucleotide sequences of chromoso-
mal DNA fragments extracted from various chromosomal/
nuclear substructures and S/MARs. Also, to obtain a
clearcut picture of the di¡erences between samples of se-
quences we use 5P £anking regions (¢rst 1500 bp) of some
tissue-speci¢c human genes and random sequences as an
`outgroup' (it was assumed that these sequences are not
related to any elements of the nuclear matrix). Signi¢cant

di¡erences among all DNA samples were observed. Based
on the results of the LDA, we developed the ChrClass
program to predict sites associated with various elements
of the nuclear matrix. To estimate the prediction accuracy
of this ChrClass program, several test samples were ana-
lyzed using two computer programs, a ChrClass and
MAR-Finder. The latter predicts S/MAR sequences [33].
Test samples were also analyzed for the presence of MRS.
We found that the proportion of missed S/MARs is lower
for ChrClass, whereas the proportion of wrong S/MARs is
lower for MAR-Finder and the MRS criterion. Thus, pre-
dictions based on these tools should be interpreted with
caution, and the problem of S/MAR prediction will re-
quire further analysis. The choice of a method to analyze
a query sequence suitable to the problem being studied
depends on the sequence length and preferences in the
proportion of missed and wrong S/MARs. We will discuss
the choice problem in Section 3.

2. Materials and methods

A complete description of samples is presented in the
Appendix. Here we describe them brie£y.

2.1. Training samples

1. S/MARs: sample volume n1 = 27 (S/MARs obtained
from GenBank, EMBL, S/MARt-DB databases and
original papers; 16 and 11 S/MARs were from verte-
brates and plants, respectively).

2. rsDNA: sample volume n2 = 16 (DNA fragments were
extracted from the cores of rosette-like structures of
mouse interphase chromosomes) [30].

3. sc1DNA: sample volume n3 = 17 (DNA fragments were
extracted from the synaptonemal complex of Chinese
hamster) [31].

4. sc2DNA: sample volume n4 = 18 (DNA fragments were
extracted from the synaptonemal complex of rat) [32].

5. nlDNA: sample volume n5 = 25 (DNA fragments were
extracted from the nuclear lamina of mouse oocytes)
[29].

6. 5P£DNA: sample volume n6 = 24 (5P £anking regions of
tissue-speci¢c eukaryotic genes).

7. randDNA: sample volume n7 = 116 = n1+n2+T+n6 (`ran-
dom' DNA fragments obtained using a random gener-
ator assuming a uniform distribution of all four nucleo-
tides and lengths of real sequences from samples 1^6).

2.2. Test samples

1. Relatively short sequences annotated as S/MARs in
GenBank to investigate the ChrClass and MRS predic-
tion power:

b hsDNA: 12 fragments associated with the nuclear
matrix from the human chromosome 19 [34];
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b tbDNA: 12 fragments of the chromosomal DNA
associated with the nuclear matrix of tobacco [35];

b chDNA: 4 fragments of the chromosomal DNA
associated with the nuclear matrix of Chinese ham-
ster [21].

2. Relatively long (cosmid-sized) sequences to investigate
the ChrClass, MAR-Finder and MRS prediction power
simultaneously:

b glDNA: 3 L-globin gene clusters from di¡erent
species: human, 73 308 bp; galago, 57 113 bp; rab-
bit, 44 594 bp. The L-globin gene cluster and 16 609
bp locus of control region (LCR) were manually
merged together for rabbit, since they are pre-
sented in GenBank by two di¡erent entries. The
members of the L-globin gene cluster from di¡erent
species as well as revealed S/MARs were posi-
tioned according to the beginning of the ¢rst
exon in the human O-globin gene (locus:
HUMHBB);

b ptDNA: 30 035 bp and 42 447 bp of the colinear
Sh2/A1 homologous regions of rice and sorghum
respectively [19].

3. A hundred random sequences (with the total length of
100 000 nucleotides) were generated based on the as-
sumption of equal nucleotide frequencies.

4. Human alphoid DNA of di¡erent centromeric regions
(obtained from GenBank, 1998) and an `ideal' telomeric
sequence (TTAGGG)500 were also included in our anal-
ysis to test the experimentally observed ability of such
sequences to associate with various elements of the nu-
clear matrix.

2.3. Statistical data processing (linear discriminant
analysis)

The training samples were compared using pairwise and
multivariate linear discriminant analysis (LDA). For each
sample of the chromosomal DNA fragments (training
samples), frequencies of simple nucleotide motifs
{X1,T,Xn} (described in Section 3) were calculated using
an ad hoc program. Then, LDA was used to construct the
discrimination functions between di¡erent samples of se-
quences.

Brie£y, the strategy of LDA includes two steps. Firstly,
the probability P of a successful discrimination between
di¡erent classes of sequences (each class corresponds to
one training sample) is estimated. Secondly, if there is a
set of discriminating variables (P6 0.05), a classi¢cation
step is carried out. In the classi¢cation step, a discriminant
function is constructed such that each sequence is attrib-
uted to one of the classes. The discriminant function hk is
a linear combination of the input characteristics
{X1,T,Xn}:

hk � bk0 � bk1X1 � T� bknXn �1�

The discriminant function coe¤cients bki are calculated as
inverse to the matrix intraclass variance:

bki � �N3K�
Xn

j�1

aijXjk �2�

where aij is the matrix element, N is the sample volume
and K is the number of classes. Each sequence is attributed
to a class that gives a maximal value of hk.

To estimate the Mahalanobis distances between various
classes of sequences and posterior classi¢cation of the
training samples we used the Statistica 5.0 software (the
`discriminant' analysis module). The samples were clus-
tered based on the obtained matrix of Mahalanobis dis-
tances using the `nearest neighbor' technique (the `cluster
analysis' module).

3. Results

3.1. Analysis of simple nucleotide motifs in S/MAR,
rsDNA, nlDNA, sc1DNA, sc2DNA, 5P£DNA and
randDNA samples

It is well known that some nucleotide motifs in£uence
DNA conformation under certain conditions. For exam-
ple, both purine and pyrimidine tracts can form triple
strands [36], whereas (AT)n and (GC)n tracts can form
the Z-DNA structure [37]. In addition, (AT)n tracts can
form cruciform DNA [17] and cause an unfolding of the
DNA duplex [38]. Certain combinations of TG, TA, CA
can result in a curved `kinked' DNA [39]. To compare the
chromosomal DNA fragments some simple nucleotide mo-
tifs were chosen. In the beginning of our study a set of
only 13 sequence characteristics was used, which included
the `kinked DNA' motifs, short palindromes, tracts of
poly(A)n, poly(T)n, poly(C)n, and poly(G)n (nv 4); tracts
of (AT)m and (GC)m (m = 5, 6, s 6; m means total length
of the motif, but not the number of the repeated units ; for
example, if m = 5 the motif will be WATAT or SGCGC,
W = A or T, S = G or C), and also tracts consisting of R
(A or G), Y (T or C), S (G or C), W (A or T), K (G or T),
M (A or C) (more than six nucleotides). Below, we refer to
this set of characteristics as a `minimal diagnostic set'
(MDS). Our choice is based on the generally accepted
viewpoint on various context features of S/MARs
[2,17,40]. Such features include (1) the narrow minor
groove that occurs in AT-rich DNA, (2) base-unpairing
regions which have been determined in many cases to be
just AATATATTT [38], (3) curved DNA motifs
A4N7A4N7A4 or T3A3, (4) (A+T)-rich motifs shared by
the origins of replication and S/MARs [41]. All these mo-
tifs may be described as a superposition of AT, TA,
poly(A) and poly(T) tracts. The other commonly used
S/MAR motif is the TopoII consensus sequence which
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can be described by an (RY)n tract according to the ex-
perimental data of Spitzner et al. [42]. This way we at-
tempted to construct an MDS that takes into account
the context features of S/MARs and at the same time
possesses some £exibility.

In general, such an MDS should be su¤cient to obtain a
reliable prediction for S/MAR sequences. However, a pre-
liminary analysis with the above motifs gives accuracies
for posterior classi¢cation of 75%, 56%, 36%, 29%, 33%
and 75% for S/MARs, rsDNA, nlDNA, sc1DNA,
sc2DNA, and 5P£DNA, respectively. These results suggest
that modi¢cations to the MDS are required. Unfortu-
nately, there is not much information about nucleotide
or structural motifs within the chromosomal fragments
associated with either the nuclear lamina, the inner matrix
(i.e. protein cores of rosette-like structures), or the synap-
tonemal complex. DNA sequences associated with the nu-
clear lamina bear some speci¢c motifs recognized by sev-
eral lamina proteins. Lamins A, B, and C can speci¢cally
bind to homopolytracts, whereas lamins A and C can
associate with the telomeric repeat of vertebrates [43].
On the other hand, the telomeric repeat (TTAGGG)n

has been shown to be associated with the nuclear matrix
[14,15]. Alphoid DNA also was found to be associated
with the nuclear matrix [13], the nucleolus, and the nuclear
lamina [44]. However, this repetitive telomeric and alphoid
DNA does not contain MDS motifs (results not shown).
Therefore, these sequences contain some speci¢c motifs
(di¡erent from MDS motifs) that are able to associate
with the nuclear matrix. Thus some unknown context
characteristics of the telomeric and alphoid DNA can be
taken into account in order to improve the prediction. In
such cases of uncertainty, it is more sensitive to character-
ize sequences by the statistics of short oligonucleotides
[45], e.g. the telomeric repeat (TTAGGG)n can be de-
scribed as a combination of six triplets (TTA, GGG,
TAG, AGG, GGT, GTT). MDS has been enriched by
the triplet frequencies that were also used in the LDA
procedure.

3.2. Heterogeneity of simple nucleotide motifs

All training samples used have their own a priori clas-
si¢cation such as DNA fragments that are extracted from
the nuclear lamina, the synaptonemal complex, the protein
cores of rosette-like structures, S/MARs, and 5P £anking
sequences. Some samples (S/MARs and scDNA) include
DNA fragments extracted by di¡erent techniques and
from various regions of genes (for example, introns and
£anking regions). To take this into account, at the ¢rst
stage of the analysis we divided the S/MAR sample into
three subsamples. S/MARs located in animal genes in (1)
the £anking regions (S/MARs1) and (2) intronic regions
(S/MARs3), and since all of our initial plant S/MARs were
found outside the intronic regions, (3) S/MARs located in

the £anking regions of plant genes (S/MARs2). The sam-
ple of sequences associated with the synaptonemal com-
plex was naturally divided into two subsamples, sc1DNA
(from Chinese hamster) and sc2DNA (from rat).

The analysis of simple nucleotide motifs in the examined
chromosomal DNA samples shows that each sample
might have a set of characteristic features that distinguish
it from the other samples (Table 1). For example, S/MAR
fragments in all three subsamples are saturated with AT
motifs and `kinked' DNA, whereas low frequencies of
these motifs are typical for scDNA and rsDNA fragments
(Table 1).

Based on the frequencies of the sequence context char-
acteristics, we carried out a pairwise LDA between all the
samples of interest in order to determine the relative het-
erogeneity of S/MARs and scDNA. The LDA-obtained
Mahalanobis distance between plant and animal
S/MARs that are localized in £anking regions appears to
be the smallest among all pairwise distances (results not
shown). A possible explanation for the similarity between
plant and animal £anking regions is that S/MARs have
some highly similar context features in di¡erent phyla. As
long as the chromosomes are anchored via speci¢c sequen-
ces to the nuclear matrix, these anchoring sequences may
have some kind of similarity to interact with nuclear ma-
trix proteins. One such possible common feature of many
S/MARs is a very high A+T content. It has been demon-
strated that nuclear matrices prepared from the yeast spe-
ci¢cally bind a MAR sequence derived from the mouse U
light chain immunoglobulin gene [46]. Our results also
show a low intertaxon S/MARs heterogeneity. This fact
might support the hypothesis that some S/MAR-speci¢c
motifs are evolutionarily conserved and di¡erent types of
nuclear matrix proteins have evolved without changing the
context speci¢city of interaction with S/MARs.

S/MARs in introns are closer to S/MARs in £anking
regions than to any other sample of DNA fragments.
Thus the internal heterogeneity of the S/MAR sample is
lower than the di¡erences between S/MARs and other
samples. For this reason all S/MARs were subsequently
analyzed together. The distance between the sc1DNA
and sc2DNA samples appears to exceed the distance be-
tween them and the samples of nlDNA fragments (results
not shown). These samples were considered separately.
The revealed di¡erence between sc1DNA and sc2DNA
could be due to the di¡erences in experimental conditions,
however, we cannot exclude that the set of context char-
acteristics used in this study is not optimal for scDNA
recognition since MDS was constructed for S/MAR se-
quences speci¢cally.

3.3. Comparative analysis of DNA samples

We used a multivariate LDA technique in order to ana-
lyze di¡erences among all the samples simultaneously. Sig-
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ni¢cant di¡erences between the samples were observed
(Wilk's 1= 0.002, P6 0.001). This suggests that all sam-
ples are highly heterogeneous in terms of the frequencies
of the context characteristics and cannot be merged to-
gether in one sample. The result of the cluster analysis
(the `nearest neighbor' method), based on the Mahalano-
bis distances (Table 2), is shown in Fig. 1. Here one can
see that the examined chromosomal DNA fragment sam-
ples can be divided into at least four classes : (1) S/MARs;
(2) nlDNA, rsDNA, sc1DNA, sc2DNA; (3) 5P£DNA;
(4) randDNA. It should be noted that the obtained
Mahalanobis distances show greater similarity of
S/MARs with sc1DNA and 5P£DNA than with all other
samples.

3.4. Posterior classi¢cation

During the posterior classi¢cation, the homogeneity of
each sample was examined and classi¢cation errors (`out-
siders') were identi¢ed (Table 3). Homogeneity of 93% for
the S/MARs sample was remarkably high (Table 3). One
outsider was the 3P MAR of the chicken K-globin gene,
which was classi¢ed as a 5P £anking region. Another out-
sider was the MAR in the distal mouse chromosome 7
imprinted domain, which was classi¢ed as a DNA frag-
ment from nuclear lamina. The least heterogeneity was
observed for the rsDNA fragments (100% of true classi¢-
cation). The nlDNA sample can be considered the most
heterogeneous of all samples examined. There were ¢ve

Table 2
Pairwise Mahalanobis distances between the samples of sequences associated with various elements of the nuclear matrix, the 5P£DNA sample and the
randDNA sample

S/MARs rsDNA sc1DNA nlDNA sc2DNA 5P£DNA randDNA

S/MARs 0.00 46.21 19.99 29.62 35.12 20.13 41.50
rsDNA 46.21 0.00 29.64 18.21 25.70 22.09 54.89
sc1DNA 19.99 29.64 0.00 14.83 23.05 16.03 37.88
nlDNA 29.62 18.21 14.83 0.00 21.56 17.19 41.95
sc2DNA 35.12 25.70 23.05 21.56 0.00 19.75 46.01
5P£DNA 20.13 22.09 16.03 17.19 19.75 0.00 40.79
randDNA 41.50 54.89 37.88 41.95 46.01 40.79 0.00

Table 1
The frequency distribution for some simple nucleotide motifs in the samples of sequences associated with various elements of the nuclear matrix, in the
5P£DNA and in randDNA samples

S/MARs1 S/MARs2 S/MARs3 S/MARs 5P£DNA sc1DNA sc2DNA nlDNA rsDNA randDNA

`Kinked' DNA 0.105a 0.107 0.107 0.106 0.090 0.090 0.084 0.096 0.083 0.084
0.009b 0.006 0.004 0.007 0.020 0.020 0.016 0.021 0.029 0.056

Poly(A)3 0.053 0.048 0.049 0.049 0.027 0.024 0.024 0.032 0.026 0.013
0.024 0.015 0.021 0.021 0.015 0.026 0.018 0.028 0.022 0.003

Poly(T)3 0.058 0.054 0.057 0.057 0.025 0.038 0.022 0.019 0.039 0.014
0.023 0.019 0.020 0.020 0.011 0.050 0.018 0.017 0.043 0.005

Poly(C)3 0.006 0.007 0.007 0.007 0.021 0.012 0.020 0.001 0.013 0.018
0.004 0.006 0.006 0.005 0.013 0.013 0.024 0.010 0.015 0.005

Poly(G)3 0.008 0.005 0.008 0.007 0.025 0.014 0.016 0.016 0.013 0.014
0.007 0.003 0.002 0.005 0.013 0.001 0.014 0.013 0.017 0.004

(AT)2 0.030 0.024 0.023 0.027 0.008 0.012 0.005 0.013 0.007 0.006
0.027 0.014 0.006 0.020 0.008 0.013 0.006 0.014 0.007 0.002

(GC)2 0.001 0.001 0.0 0.0005 0.004 0.014 0.002 0.002 0.0002 0.010
0.001 0.001 0.0 0.001 0.010 0.010 0.008 0.004 0.001 0.004

TCcT 0.010 0.008 0.010 0.009 0.011 0.010 0.010 0.009 0.013 0.006
0.006 0.001 0.001 0.005 0.004 0.008 0.007 0.007 0.010 0.002

AGcT 0.008 0.007 0.005 0.007 0.010 0.010 0.007 0.009 0.013 0.008
0.004 0.003 0.002 0.004 0.005 0.008 0.006 0.007 0.010 0.002

TGcT 0.006 0.007 0.009 0.007 0.007 0.006 0.008 0.006 0.006 0.008
0.005 0.001 0.003 0.004 0.004 0.007 0.006 0.005 0.009 0.002

ATcT 0.023 0.023 0.024 0.022 0.010 0.009 0.006 0.013 0.007 0.006
0.009 0.008 0.007 0.010 0.007 0.008 0.006 0.008 0.009 0.002

GCcT 0.001 0.001 0.0 0.001 0.005 0.001 0.001 0.002 0.001 0.007
0.001 0.001 0.0 0.001 0.008 0.002 0.003 0.002 0.002 0.002

ACcT 0.006 0.007 0.006 0.006 0.008 0.009 0.009 0.001 0.007 0.006
0.003 0.002 0.002 0.003 0.003 0.006 0.006 0.009 0.005 0.001

aThe expectation (Ex).
bThe variance (Dx).
cTracts consist of these arbitrary combined dinucleotides and contain more than six bases.
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outsiders in 25 sequences. Three of the ¢ve were attributed
to the sc1DNA sample, and two to either sc2DNA or the
5P£DNA sample. In the sc1DNA sample, only one
outsider was attributed to the 5P£DNA sample. In the
sc2DNA sample one outsider was attributed to the
nlDNA sample and another one was attributed to the
rsDNA sample. 100% of random DNA fragments were
classi¢ed correctly. In general, LDA has revealed a high
internal homogeneity of all original samples.

3.5. The ChrClass program to predict DNA fragments
associated with various elements of nuclear matrix

Signi¢cant di¡erences between samples of chromosomal
DNA fragments (1= 0.002) allowed us to develop a clas-
si¢cation program, the ChrClass. It predicts regions asso-
ciated with di¡erent elements of the nuclear matrix in a
query sequence based on the results of the LDA. The
program analyzes 300^1000 bp regions of the query se-
quence at a time. The output highlights four classes of
regions in a query sequence: (1) S/MARs, (2) regions as-
sociated the inner matrix (with the protein cores of
rsDNA), (3) regions associated with the synaptonemal
complex (scDNA), and (4) regions associated with the
nuclear lamina (nlDNA). 5P-Flanking regions and random
sequences were not included in the program output.

The ChrClass program (Win95/NT version 1.1) is avail-
able from Galina V. Glazko (gvg2@psu.edu), Igor B. Ro-

gozin (rogozin@bionet.nsc.ru) or from an anonymous ftp
site (ftp.bionet.nsc.ru/pub/biology/chrclass/chrclass.zip).

3.6. Analysis of relatively short sequences annotated as
S/MARs in GenBank to investigate the ChrClass
and MRS prediction power

We have tested ChrClass on a number of sequence sam-
ples in order to evaluate its prediction accuracy. Test sam-
ple 1 includes entries annotated in GenBank as S/MARs.
These relatively short sequences were extracted in vitro
using various matrix binding assays and are 300^4000 bp
long (the limits of S/MARs length). For this reason the
MAR-Finder program, developed for cosmid-sized se-
quences, cannot be used to analyze these sequences [33].
For comparison, test sample 1 was also analyzed by the
MRS criterion [18]. The sensitivity for ChrClass is esti-
mated as a proportion (%) of the most representative class
(S/MARs, rsDNA, nlDNA or scDNA) in a given sample.
For example, in the sample of DNA fragments (hsDNA)
obtained by Nikolayev et al. [34], only three out of 12
fragments were classi¢ed as S/MARs (Table 4). Two
were classi¢ed as sequences presumably associated with
the inner matrix (rsDNA), another two were classi¢ed as
sequences presumably associated with the nuclear lamina
(nlDNA), and one was classi¢ed as a sequence presumably
associated with the synaptonemal complex (sc2DNA). The
remaining four fragments were not classi¢ed at all. Thus
we obtained the heterogeneous classi¢cation. However,
S/MAR was the most representative class and the sensitiv-
ity in this case was estimated to be 25% (3/12U100%). As
was mentioned above, di¡erent methods of isolation can
yield di¡erent nuclear matrix contents. This could lead to
a heterogeneous classi¢cation of sequences as in the case
of the hsDNA sample. The other reason can be attributed
to sequence length. A ChrClass query sequence should be
longer than 300 bp (the minimal S/MAR length), but some
fragments from the hsDNA sample were shorter. In order
to solve this problem each short hsDNA fragment was
tandemly duplicated. However, such a heuristic procedure
may cause serious problems in the prediction, and, in gen-
eral, the analysis of data from Nikolaev et al. [34] is ex-
tremely complicated due to short sequence lengths. For
the tobacco and Chinese hamster sequences, the sensitivity

Table 3
The posterior classi¢cation of the samples of sequences associated with various elements of the nuclear matrix, the 5P£DNA sample and the randDNA
sample

%TRUE S/MARs rsDNA sc1DNA nlDNA 5P£ DNA sc2DNA randDNA

S/MARs 92.6 25 0 0 1 1 0 0
rsDNA 100.0 0 16 0 0 0 0 0
sc1DNA 94.11 0 0 16 0 1 0 0
nlDNA 80.76 0 0 3 21 1 1 0
5P£DNA 82.60 4 0 0 0 19 0 0
sc2DNA 89.47 0 1 0 1 0 17 0
randDNA 100.0 0 0 0 0 0 0 116
Total 91.36 29 17 19 23 22 18 116

Fig. 1. Clustering of the samples of sequences associated with various
elements of the nuclear matrix, the 5P£DNA sample and the randDNA
sample.
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was 90% and 100%, respectively (Table 4). The average
ChrClass sensitivity for all test samples was 72%
((25%+90%+100%)/3). A proportion of the predicted
matrix-associated regions in the random sequences was
about 3% at the nucleotide level. Because S/MARs should
be absent or very rare in random sequences, the rate-pre-
dicted S/MARs in a random sequence could be a measure
of false positives. A proportion of predicted matrix-asso-
ciated regions was on the same level for random sequences
generated based on the nucleotide frequencies of the over-
all training set (training samples 1^5; F(A) = 0.3,
F(T) = 0.3, F(C) = 0.2, F(G) = 0.2).

The ChrClass prediction quality, CCPQ (normalized to
fall between 0 and 1), re£ects the quality of predicted
S/MARs. CCPQ was constructed based on the training
S/MAR sample (all discriminant function values,
HS=MAR, were calculated for the sequences from this sam-
ple). The obtained value hS=MAR for a query sequence is
compared with the HS=MAR array. CCPQ was tested on a
sample of 12 tobacco S/MARs (Table 4), where the values
of binding strength (the a¤nity of S/MARs to the nuclear
matrix) are obtained for each tobacco S/MAR experimen-
tally by Michalowski et al. [35]. We analyzed the correla-
tion between the binding strength and CCPQ values (data
not shown). The linear correlation coe¤cient r of 0.66
(P6 0.05) suggests that the CCPQ could re£ect S/MAR
a¤nity to the nuclear matrix, although further investiga-
tion is necessary to con¢rm this ¢nding.

Only two MRSs were found in the test sample 1, clones
ps202-1 (AF065880, 635 bp) and ps211-1 (AF065884, 685
bp) in the tbDNA. It is not surprising that sequence length
is also crucial for MRS recognition, since the MRS was
de¢ned as the region where 16 and 8 bp consensus sequen-
ces are 6 200 bp apart. That means we should test for
their presence on the set of overlapping windows 6 200
bp apart. Obviously for short sequences this number is
much smaller than for cosmid-sized ones.

3.7. Analysis of relatively long (cosmid-sized) sequences to
investigate the prediction power of ChrClass,
MAR-Finder and MRS

The best way to test the capability of di¡erent ap-
proaches for S/MAR prediction is to carry out a analysis
using relatively long sequences.

3.7.1. S/MARs in the L-globin locus
The human L-globin locus (HUMHBB, 7 308 bp) has

been used for MAR-Finder testing [33,47], since the loca-
tion of S/MARs was experimentally determined for this
locus [48]. However, the conditions for the experimental
detection of S/MARs by Jarman and Higgs [48] were
much more stringent than conditions that are usually
used for S/MAR detection [49]. S/MARs were found in
K562 cells, which express only O- and fetal Q-globins,
and thus some S/MARs can be detached from the nuclear
matrix in these cells. Seven S/MARs were determined ex-
perimentally in the HUMHBB sequence. However, the
precise location was described for only four S/MARs,
whereas the locations of the remaining three S/MARs
were described with respect to the globin genes (Table
5). Even in the face of this problem, the experimental
and computer predictions appear to be consistent. Six
out of seven experimentally determined S/MARs were pre-
dicted correctly by MAR-Finder (results from Walter et
al. [47]) and ¢ve were predicted correctly by ChrClass
(Table 5). For the MRS motif we recalculated the results
of van Drunen et al. [18]. They found six MRSs in the L-
globin cluster, all of which map to biochemically identi¢ed
S/MARs. No MRS was found only for the S/MAR se-
quence from the ¢rst intron of the L-globin gene [18].
MRS locations recalculated here are listed in Table 5.
The probability of observing an overlap for the four pre-
cisely known S/MARs at random, calculated using a
Monte Carlo technique, is very low (P = 0.02 for

Table 4
Classi¢cation of the test samples by the ChrClass program and MRS criterion

Sample ident. MRS criterion Classi¢cation of queries obtained with ChrClass program % of truly
predicted

rsDNA nlDNA scDNA Unclassi¢ed S/MARs (true classi¢cation)

hsDNAa Z35288 Z35280 Z35282 Z35290 Z35291 25
Z54222 Z35283 Z35279 Z54221

Z54220 Z54224
Z54223

tbDNAb AF065880:278d ;324
AF065884:352;398

AF065886 AF065877-AF065885;
AF065887-AF065888

90

chDNAc X96546-X96549 100
Average
sensitivity
(%)

72

aTwelve DNA fragments from human chromosome 19 associated with the nuclear matrix.
bTwelve chromosomal DNA fragments associated with the nuclear matrix of tobacco.
cFour chromosomal DNA fragments associated with the nuclear matrix of hamster.
dFirst number corresponds to the AWWRTAANNWWGNNNC position of the MRS consensus; second number, after ` ;', corresponds to the
AATAAYA position.
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MAR-Finder and P = 0.05 for ChrClass). We repeated the
MAR-Finder analysis of the HUMHBB sequence in order
to obtain the average strength values for the MAR-Finder
prediction by Walter et al. [47]. However, only three real
S/MARs were predicted by MAR-Finder using a threshold
value of `0.5' and a default set of other parameters (Table
5). Although the four real S/MARs in the human L-globin
locus cannot be predicted, even with a threshold value of
`0.5', the average strength value 0.6^0.75 was considered
to yield reasonable results by Singh et al. [33]. Thus, the
choice of threshold value for the MAR-Finder prediction
is somewhat ambiguous. Results of the L-globin locus
suggest that threshold values less than `0.5' also can be
recommended for some sequences. Analysis with the
ChrClass program reveals that the relative location (rela-
tive to genes constituting the L-globin locus) of the pre-
dicted S/MARs is conserved among the L-globin loci from
di¡erent mammalian species (galago and rabbit [50]), sug-
gesting that some experimentally undiscovered S/MARs
may exist there (Fig. 2). The sequence homology between
human^rabbit, human^galago, galago^rabbit L-globin loci

is limited mostly to coding regions, with some minor ex-
tensions in £anking regions [50]. The relative locations of
S/MARs revealed with ChrClass almost coincide with the
MRS distribution within these orthologous regions in dif-
ferent mammalian species, which was reported by van
Drunen et al. [18] (Fig. 3 in the original paper). The dis-
tribution looks like each developmentally regulated gene
in the L-globin locus as well as the LCR sequence is posi-
tioned in an individual `loop' or `functional unit', attached
to the nuclear matrix from both sides (plant genes are
organized in the similar manner, see below). One specula-
tion is that this organization supports the interaction be-
tween the LCR and promoter regions of distal genes,
which provides in turn the developmentally regulated
gene expression. The interaction between HSs (the DNase
hypersensitive sites) in LCR and promoter regions has
been postulated by many authors to be crucial for correct
tissue- and stage-speci¢c gene expression in the L-globin
locus. Experimental investigations are needed to address
this hypothesis.

Table 5
Analysis of S/MARs in the human L-globin locus (HUMHBB)

Experimentally
revealed
S/MARs

MAR-Finder
prediction by
Walter et al. [47]

MAR-Finder
prediction
(average strength)

ChrClass prediction
(prediction score)

Description in the
Feature Table

MRS prediction by
van Drunen et al. [18]

1^2 500 ^ ^ ^ ^ ^
a: 7 500^9 700 ^ 8 700^9 000 (0.39) Alu 8 019^8 314 ^

10 000^10 600 (0.08)
b: 11 700^13 900 ^ 11 300^11 900 (0.20) L1 12 912^13 066 ^

HS1 12 752^13 769
14 000^16 000 c: 13 900^16 500 ^ 15 200^16 100 (0.14) L1 14 836^15 701 17 653a ;17 586

23 300^24 600 (0.43) L1 23 118^31 136
24 900^25 800 (0.25) L1 23 118^31 136
26 700^27 700 (0.53) L1 23 118^31 136
28 000^28 500 (0.45) L1 23 118^31 136
31 700^32 700 (0.20) Alu 32 407^32 711

34 531^35 982 G-Q-globin
39 467^40 898 A-Q-globin 41 107;40 955

42 500^42 800 (0.24) 42 232,42 231 (overlap)
44 200^44 500 (0.23)

In L-globin d: 46 600^49 300 ^ 46 300^46 800 (0.42) L-globin pseudogene
45 710^47 124
intron 2 46 146^46 996

Somewhere between
pseudogene and
N-globin*

e: 52 700^54 500 53 900^54 500 (0.51) 48 000^48 400 (0.41) N-globin gene 54 740^56 389
intron 2 55 233^56 130

47 833;47 958

f: 54 500^56 300 55 500^55 800 (0.51) 55 600^56 000 (0.33)
Somewhere between
N- and L-globin*

g: 58 900^61 900 60 300^60 700 (0.64) 58 100^58 500 (0.40) ^

62 632^63 481 h: 61 900^64 100 ^ ^ L-globin gene 62 137^63 742
intron 2 62 632^63481

^

65 610^66 100 i: 64 100^67 400 66 000^66 600 (0.74) 64 900^66 600 (0.26) Alu 65 503^65 757 65 111;65 138
Alu 66 761^67 070 65 947;65 946

(overlap)

HS1 is the DNase hypersensitive site 1. A threshold value `0.5' and a default set of parameters were used for the second MAR-Finder prediction. Aster-
isk indicates that for a marked S/MAR a precise location was not described [48]. The ChrClass program predicted the location of the nuclear lamina-as-
sociated site between positions 9000 and 9700.
aFirst number corresponds to the AWWRTAANNWWGNNNC position of the MRS consensus; second number, after ` ;', corresponds to the
AATAAYA position.
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3.7.2. S/MARs in the colinear Sh2/A1 homologous regions
of rice and sorghum

About 50 and 30 kb of sorghum and rice DNA respec-
tively, which contain A1/Sh2 homologous regions, were
screened for the location of S/MARs by the in vitro bind-
ing method and seven S/MARs in sorghum and four in
rice were identi¢ed [19]. The 30 kb region of rice contains
three functional genes: Sn1, X (putative transcription fac-
tor) and A1 (for more details see Fig. 1 in [19]). All these
genes are £anked by S/MARs on the 5P as well as on the 3P
ends (except for 3P end of A1) in rice. The presence, order
and direction of transcription of Sh2, X and A1 are the
same in sorghum as in rice and in addition a direct dupli-
cation of A1, A1a, is localized 10 kb downstream of A1
[19]. All four rice S/MARs have their orthologous S/MAR
counterparts in sorghum. There are three additional
S/MARs in sorghum: two £anking the 3P end of A1,
A1a and one weakly binding fragment, overlapping the
strongly binding 5P-Sn1 £anking S/MAR [19]. However,
hybridization and sequence analysis of the two colinear
genomic regions indicated that the sequence homology
between them is limited to the coding regions. This `evolu-
tionary conservation', i.e. the similar location of S/MARs
in di¡erent species relative to the orthologous genes, was
con¢rmed in this case by in vitro binding assay [19]. We
also analyzed A1/Sh2 homologous regions with ChrClass,
MAR-Finder programs and MRS criterion. The results
are presented in Table 6. Four and three S/MARs were
predicted by ChrClass and MAR-Finder for four experi-
mentally identi¢ed S/MARs in rice; ¢ve and two for ¢ve

S/MARs in sorghum. As one can see the results are par-
tially overlapping, but each S/MAR prediction tool has its
own peculiarities. With regard to the MRS criterion, it
was supposed that the presence of MRS in the genomic
region is a not necessary but su¤cient condition to ¢nd an
S/MAR in close proximity. In general this is true. For
example, 13 MRSs were found in the rice Sh2/A1 region,
and all of them were inside the S/MAR sequences. How-
ever, seven MRSs were found in S/MARs which were
predicted by the ChrClass program only (Nos. 7^13, Table
6), two MRSs in S/MARs which were predicted by both
ChrClass and MAR-Finder (Nos. 5 and 6) and four MRSs
in S/MARs which were predicted by both programs and
by in vitro MAR-binding method (Nos. 1^4). These results
reveal a very interesting problem. Three di¡erent com-
puter tools predict an S/MAR sequence where the exper-
imental method does not (the case of Nos. 5 and 6). Pos-
sible reasons may include dynamically regulated DNA^
matrix association, which could not be revealed on the
experimental level. To account for all possible tissue-
and stage-speci¢c associations between the nuclear matrix
and S/MARs, the in vitro binding assay should be done
for various stages of the cell cycle and di¡erent tissues.
The Sh2/A1 region of sorghum was also tested, but in
this case only two MRSs were found and only one of
those had S/MARs in close proximity. Thus for the detec-
tion of S/MAR sequences the presence of MRS is not
always a su¤cient condition. In addition, ChrClass usually
identi¢es all S/MARs that are found experimentally, but
also reveals many S/MARs experimentally `silent'. In some

Fig. 2. Distribution of S/MARs predicted by the ChrClass program in the L-globin loci from three di¡erent mammalian species. All genes in the loci
are positioned in reference to the human O-globin gene. HS1, 2, 3 and 4 are the DNase hypersensitive sites.
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cases the results may be attributed to `noise', but in some
others this `noise' could consist of real S/MARs not re-
vealed experimentally for various reasons (as was men-
tioned above in the discussion about MRS Nos. 5 and
6). In principle, in the case of L-globin genes when only
stage-speci¢c expression should be observed [48] and some
real S/MARs could not be associated with the nuclear
matrix, the obtained S/MAR `overprediction' has a bio-
logical meaning. Computer predictions might reveal
`silent' S/MARs that function in a stage- or tissue-spe-
ci¢c manner. This problem needs further experimental
analysis.

3.8. Recommendations on the use of S/MAR prediction
programs

All listed examples support that the proportion of
missed S/MARs is lower for ChrClass, whereas the pro-
portion of wrong S/MARs is lower for MAR-Finder and
MRS criterion. That is, ChrClass has a tendency to over-
predict the presence of S/MARs, while the MRS criterion
and MAR-Finder have a tendency to underpredict this,
depending on the testing sequence (MAR-Finder usually
reveals about 50^70% of experimentally con¢rmed
S/MARs). It is impossible to resolve which is better,

Table 6
Analysis of S/MARs in the colinear Sh2/A1 homologous regions of rice and sorghum

Experimentally
revealed S/MARs

ChrClass prediction
(prediction score)

MAR-Finder prediction by
Singh et al. [33] (average strenght)

Description in the Feature Table MRS prediction by
van Drunen et al. [18]

Rice
1^1 173 1^900 (0.05) ^ 1 996^6 023 putative Sh2 subunit ^

1 200^1 600 (0.22) 2 203^2 594 intron 1
2 200^2 500 (0.49) 3 323^3 493, exon 3
3 400^3 700 (0.2) 3 591^3 680, exon 4

5 400^7 425 6 400^7 200 (0.33) 7 200^7 400 (0.6) 6 479^6 651, 7 042^7 191 transposons ^
9 722^10 006 ORF 3

9 700^10 600 (0.36) 10 800^11 200 (0.85) 10 191^10 328 ORF 4
10 543^10 590 tandem repeat AT

13 700^14 400 (0.13) 15 665^16 105 snapback region Snabo-1
15 300^16500 (0.33)

17 300^18 460 17 400^2 1300 (0.06) 19 500^20 400 (0.9) 21 151^21 345 transposon N1 18 315;18 364
20 020^23 080 21 600^22 200 (0.48) 20 700^21 600 (0.8) 21 644^21 977 transposon N2 20 104;19 958

22 800^23 200 (0.25) 22 843^23 225 snapback region Snabo-2 N3 20 667;20 711
N4 20 864;20 711
N5 24 213;24 263
N6 24 414;24 263

23 500^26 800 (0.10) 24 200^24 600 (0.6) 5P£ank NADPH-dependent reductase A1 N7 25 197;25 108
N8 25 464;25 678

28 500^28 900 (0.41) 26 910^28 526 CDS 3P£ank Adh1 N9 25 679;25 729
N10 25 679;25 678
N11 25 907;25 729
N12 26 592;26 625
N13 26 644;26628

Sorghum
1^1 495 0^700 (0.18) ^ 2 362^6 325 putative Sh2 subunit ^

2 900^3 400 (0.26) 3 046^3 168, 3 433^3 603 exon 2, 3
3 700^4 200 (0.45) 3 836^3 925, 4 017^4 103, 4 187^4 242

exon 4, 5, 6
7 050^9 710 7 200^7 800 (33) 10 000^10 300 (0.7) 7 118^7 458, 7 464^7 763 transposons 13 273;13 148

9 600^10 000 (0.21) 11 900^12 300 (0.7) 10 465^11 142 S-1 transposon
15 100^15 900 (0.35)

22 400^24 680 23 000^23 300 (0.30) ^ 24 370^24 715 transposon ^
23 600^23 900 (0.50)
24 200^24 700 (0.53)
26 900^27 900 (0.21) 5P£ank NADPH-dependent reductase

A1-a
28 349^29 769 CDS

32 500^33 660 31 900^32 400 (0.05) 31 925^36 403 solo LTR 33 740;33 839
33 400^33 900 (0.32) 33 860^34 260 (0.8)
36 600^37 300 (0.28)

39 521^41 042 CDS
NADPH-dependent reductase A1-b

41 600^42 280 ^ ^ ^
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over- or underprediction. In each case, the choice should
depend on the problem under investigation. We recom-
mend analyzing short sequences with the ChrClass pro-
gram, since for other tools the proportion of missed
S/MARs appears to negatively correlate with sequence
length (MAR-Finder and MRS frequently miss S/MARs
in short sequences). The higher overall A+T content
(s 70%) increases the proportion of wrong S/MARs in
ChrClass output (results not shown) and in such cases
the use of Mar-Finder would be better. Also, we propose
that the presence of S/MARs predicted by any tool may be
veri¢ed by analyzing the orthologous regions between dif-
ferent species with the same tool, if such data are available.
The cases of simultaneous S/MAR presence in such re-
gions should support the reliability of prediction. Finally,
using the ChrClass, MRS criterion and MAR-Finder pro-
grams together may help to obtain the more clearcut pic-
ture of S/MAR distribution in a query sequence.

3.9. Classi¢cation of telomeric and alphoid DNA

We also tested some interesting examples of experimen-
tally observed matrix association in tandemly repeated
DNA. Human alphoid DNA consists of a monomer
(171 bp) tandemly repeated thousands of times at each
centromere. These regions are con¢gured into higher order
structures, where several tandemly repeated monomers
form a subunit (divergence of each repeat from the con-
sensus sequence is about 15^20%). Each subunit is, in
turn, repeated hundreds of times [51]. Here we consider
some of the subunits of alphoid DNA from chromosomes
7, 17, 11, and 21 (GenBank, 1998). The result of the pre-
diction with the ChrClass program suggests that di¡erent
subunits of alphoid DNA may contain fragments associ-
ated with di¡erent chromosomal/nuclear substructures
(Table 7). In the three subunits from chromosome 7 the
ChrClass program identi¢ed three di¡erent kinds of se-
quences, that is presumably associated with the synapto-
nemal complex, presumably associated with the core of
rosette-like structures, and presumably S/MARs. Two sub-
units from chromosome 17 might also be associated with
the rosette-like structure cores and the synaptonemal com-
plex. Two subunits from chromosomes 11 and 21 contain
fragments presumably associated with the synaptonemal

complex. Telomeric repeats have been attributed to
S/MARs. We will discuss these results below.

4. Discussion

Computer tools for the accurate prediction of S/MARs
and other sites associated with the nuclear matrix are very
important for molecular biology, since experimental map-
ping of such sites is very slow compared to sequencing of
eukaryotic genomes. However, the prediction of S/MARs
is a necessary step for the successful functional mapping of
nucleotide sequences, since these sites can bring genes into
association with the nuclear matrix signi¢cantly changing
their transcription level, and thus, marking transcription-
ally active regions (reviewed in [17]). But the problem of
S/MAR prediction is complicated for two reasons. First,
the sequence divergence between di¡erent S/MARs is very
high (such that they cannot be aligned). Second, opera-
tionally de¢ned nuclear matrix includes various compo-
nents for which the correspondence of cytologically deter-
mined nuclear substructures to biochemically obtained
matrix-associated regions is largely unknown.

We have carried out a comparative analysis of the nu-
cleotide sequence of fragments of chromosomal DNA as-
sociated with various elements of the nuclear matrix in
animal and plant chromosomes (in both somatic and mei-
otic cells). The fragments of chromosomal DNA extracted
from either chromosomal or nuclear substructures (nu-
clear lamina, cores of rosette-like structures, synaptonemal
complex) are much more similar to each other than to the
chromosomal DNA fragments obtained by speci¢c DNA^
protein interaction assays (S/MARs). The analysis of dis-
tances among the samples from cytological structures
(nlDNA, rsDNA, scDNA) suggested some similarity in
the mechanisms responsible for the formation of chromo-
some loop structures in somatic and meiotic cells. Interest-
ingly, four out of 25 fragments of nlDNA, which parti-
cipates in spatial chromosome organization during the
interphase, were classi¢ed as fragments extracted from
the synaptonemal complex, which participates in structur-
al chromosome organization at stage I of meiosis prophase
(Table 3). Previous cytological studies have suggested that
certain chromosomal DNA sites may participate in the

Table 7
ChrClass classi¢cation of telomeric and alphoid DNA

GenBank identi¢er, subunit length (bp) Chromosome Result of classi¢cation with ChrClass

HSAJ1561, 1427 7 S/MAR
HSAJ1558, 2482 7 rsDNA
HSAJ1560, 2010 7 scDNA
HSAJ2432, 535 11 scDNA
HUMSATLS, 718 17 scDNA
HSAJ2431, 405 17 rsDNA
D29750, 1868 21 scDNA
(TTAGGG)500 S/MAR
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association of interphase chromosomes either with the nu-
clear lamina in somatic cells or with the synaptonemal
complex in prophase I of meiosis.

Interestingly, S/MAR sequences are closer to the 5P
£anking regions of eukaryotic protein-coding genes and
to DNA fragments from the synaptonemal complex than
to other fragments of chromosomal DNA extracted from
`cytological' structures. However, the reasons for such dif-
ferences are not clear. The nuclear pores^lamina complex
is known as a component of the nuclear matrix/sca¡old
[22]. Thus, chromosomal DNA fragments extracted from
the nuclear lamina should be classi¢ed as S/MARs. How-
ever, the S/MAR sample does not overlap with the nlDNA
sample (Table 3). This result is consistent with several
previous observations [52]. Unfortunately, our data do
not clarify if there is any correspondence between
S/MARs and cytologically observed morphological ele-
ments of the nuclear matrix. Hancock [53] recently dis-
cussed the possibility that S/MARs actually bind to
DNA binding proteins or multiprotein complexes that
are incorporated into the nuclear matrix during prepara-
tion. This point of view does not change the existence and
properties of S/MARs as a sequence family but imply the
complete revision of supposed S/MAR functions. Thus,
the problem of a formal de¢nition for S/MARs needs fur-
ther analysis [54].

The association of telomeric repeats with the matrix of
the interphase nucleus was shown by de Lange [14] and
Luderus et al. [15]. Approximately every 1000 bp of the
telomeric repeats is associated with the inner matrix [15].
However, the context characteristics of S/MARs are ab-
sent in this simple hexameric repeat (TTTAGG)n. Since
the association of telomeric repeats with the nuclear ma-
trix has already been proven, we have included in our
analysis some additional context characteristics (triplet fre-
quencies). After combining triplet frequencies and MDS,
we were able to achieve a more accurate posterior classi-
¢cation for S/MARs, rsDNA, nlDNA, sc1DNA, sc2DNA
and 5P£DNA (the sensitivity achieved was 94, 100, 94, 80,
83, 89, and 100%; for MDS it was 75, 56, 36, 29, 33, and
75% respectively, Table 3). This result suggests that MDS
alone is not su¤cient for an accurate LDA classi¢cation of
fragments associated with various elements of the nuclear
matrix.

Previous experimental data show that the 1.7 kb human
alphoid DNA subunit from chromosome 16 and the 1.9
kb subunit from chromosome 1 [13] contain S/MARs.
Interestingly, di¡erent subunits of alphoid DNA might
be associated with di¡erent chromosome/nuclear substruc-
tures (Table 7). This result suggests that di¡erent tandemly
repeated subunits might interact with various elements of
the nuclear matrix at a certain stage of the cell cycle.
However, the predicted association with di¡erent chromo-
some/nuclear substructures should be interpreted with cau-
tion since this prediction has no con¢rmation using con-
trol sets. The former is impossible today because of the

lack of large samples of chromosomal fragments associ-
ated with various elements of nuclear matrix. Thus, the
prediction of these fragments in a query sequence can
only point to some unusual and presumably interesting
protein-binding regions.

Some overlap between the predictions of all MAR pre-
diction tools has been found. Using the ChrClass, MRS
criterion and MAR-Finder programs together may help to
obtain a more clearcut picture of S/MAR distribution in a
query sequence. The real predictive power and functional
importance of all employed context characteristics in
MAR-Finder and ChrClass (described above) are not so
obvious. Thus the problem of S/MAR prediction requires
further analysis. The accumulation of new experimentally
con¢rmed S/MARs will help to improve existing ap-
proaches and to develop better models for the prediction
of sites associated with various elements of the nuclear
matrix. The signi¢cant correlation between the experimen-
tally determined binding strength and the S/MAR predic-
tion quality measure CCPQ needs further investigation.
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Appendix. Description of samples

A1. Training samples

1. S/MARs:
Thirteen S/MAR sequences were obtained from Gen-
Bank: accession numbers X54282 (complex of human
L-globin genes), X98408 (chicken lysozyme gene),
M62716 (5P £anking region of human CSP-B gene),
M83137 (human L-interferon gene), X06654 (intron of
Chinese hamster DHFR gene), L23999 (fourth intron of
the human DNA topoisomerase I gene), L23998 (sec-
ond intron of the human DNA topoisomerase I gene),
X60225 (Drosophila histone genes), X07690 (¢rst intron
of the human HPRT gene), M77843 (pea plastocyanin
gene), U29136 (corn Adh1 gene), U67919 (anonymous
MAR of tobacco), X67164 (petunia MAR near the
T-DNA integration site) ;
Four S/MAR sequences were obtained from EMBL:
accession numbers U71191^U71193 (S/MARs in the
distal mouse chromosome 7 imprinted domain),
U71190 (S/MAR near mouse rpl23 gene);
Seven S/MAR sequences were obtained from the
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S/MARt database (URL: transfac.gbf.de/SMARtDB/
index.html) : accession numbers SM0000061,
SM0000062 (two anonymous MARs of tobacco),
SM0000063, SM0000064 (5P and 3P £anking regions of
rice ADP-glucose pyrophosphorylase large subunit
gene), SM0000065 (3P £anking region of rice X gene),
SM0000066 (5P £anking MAR of rice A1 gene),
SM0000069 (5P £anking region of the Sorghum bicolor
dihydro£avonol-4-reductase gene);
Three S/MAR sequences were obtained from original
papers: 3P MAR of the human apolipoprotein B gene
[55], MAR from the J-C intron of the mouse Ig U im-
munoglobulin gene [56], 3P MAR of chicken K-globin
gene [17].

2. rsDNA fragments were extracted from cores of rosette-
like structures of interphase mouse chromosomes,
clones pChrM1^pChrM16 [30].

3. sc1DNA fragments were extracted from synaptonemal
complex of Chinese hamster [31]; GenBank accession
numbers Z32801^Z32803, Z32798, Z32808, Z32807,
Z32805, Z32810, Z32811, Z86071, Z86085, Z86086,
Z32797, U09289, U09301, MASC4L, MASC9L.

4. sc2DNA fragments were extracted from synaptonemal
complex of rat [32] (GenBank accession numbers
X61772^X51786, X61789^X61792).

5. nlDNA fragments were extracted from nuclear lamina
of mouse oocytes [29] (GenBank accession numbers
X55461^X55472, X55474, X55475, X55477^X55485,
X55487, X55488).

6. A dataset of 5P£DNA fragments (5P £anking regions of
tissue-speci¢c eukaryotic genes 1^3 kb long) was pro-
vided by N.V. Milshina.

A2. Test samples

1. Sequences annotated as S/MARs in GenBank, 1998:
b hsDNA: 12 chromosomal DNA fragments associ-

ated with the nuclear matrix from human chromo-
some 19 [34] (accession numbers Z35288, Z35290,
Z35291, Z35279, Z35280, Z35282, Z35283,
Z54220^Z54224);

b tbDNA: 12 chromosomal DNA fragments associ-
ated with the nuclear matrix of tobacco [35] (ac-
cession numbers AF065877^AF065888);

b chDNA: four chromosomal DNA fragments asso-
ciated with the nuclear matrix of hamster [21] (ac-
cession numbers X96546^X96549).

2. Relatively long (cosmid-sized) sequences to investigate
the ChrClass, MAR-Finder and MRS prediction power
simultaneously:

b ptDNA: two DNA fragments (30 035 bp, U70541
and 42 447 bp, AF010283) of the colinear Sh2/A1
homologous regions of rice and sorghum respec-
tively [19];

b glDNA: three clusters of L-globin genes: human

(HUMHBB, 73 308 bp); galago (OCU6090,
57 113 bp); rabbit (RABBGLOB, 44 594 bp cluster
of L-globin genes and OCU63091, 16 609 bp LCR
were considered together).

3. Human alphoid DNA (accession numbers AJ001516,
HSAJ1558, HSAJ1560, HSAJ1559, HSAJ2432, HUM-
SATLS, HSAJ2431, D29750); an `ideal' telomeric motif
of eukaryotic chromosomes (TTAGGG)500.
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