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Abstract—Modern concepts on the chromatin loop—domain organi zation and the role of the DNA regions spe-
cifically binding the nuclear matrix or nuclear scaffold (SSMARS) during its formation, maintenance, and reg-
ulation are discussed. Some S/IMAR structural features, properties of binding the nuclear matrix, and probable
mechanisms of their involvement in the gene regulation of activity are considered.
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PACKING OF GENETIC MATERIAL
WITHIN CELL NUCLEUS

General principles of DNA organization in chroma-
tin have been formulated in the late 1970s and have not
been essentially revised since the time [1-3].2

Three levels of DNA compaction in the interphase
nucleus are usualy differentiated.

1. In nucleosome, DNA is associated with histones
H2A, H2B, H3, and H4, which form a nucleosome pro-
tein core (containing two molecules of each protein),
and histone H1, which is affine to linker sites. DNA is
disposed on the nucleosome surface and forms 1.75
supercoils around the core, which corresponds to a
DNA fragment of 140-145-bp length. Individual
nucleosomes are connected by linkers of variable
lengths, and, therefore, the length of the full nucleo-
some repeat can vary from 155 to 210 bp [4].

2. Fibers of approximately 30 nm in diameter
formed with the involvement of histone H1 constitute
the next level [5]. There arethree models of compaction
of 30-nm fiber: solenoid [6], nucleomeric [7], and the
model based on layered zigzag [8, 9]. The detailed
structure of the 30-nm fiber is obscure up to now,
although most of researches are inclined to agree with
the solenoid model.

3. A loop domain level of chromatin organization.
Electron microscopic studies suggest that 30 nm chro-
matin fibers are arranged in series of supercoiled loops
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(domains) attached by their basesto the protein compo-
nent of nuclear envelope[1, 10-12]. Thislevel of chro-
matin organization will be discussed below.

NUCLEAR MATRIX
AND NUCLEAR SCAFFOLD

The backbone structure, which retains the general
shape of cell nucleus after the removal of the major part
of DNA and DNA-associated proteins, was called
nuclear matrix [13]. It mainly consists of proteins, but
has also asmall amount of DNA (see below), RNA, and
other components [14]. The nuclear matrix was pre-
sumed to be the particular structural component of the
interphase nucleus that arranges the 30-nm chromatin
fiber into loop domains.

Two methods of nuclear matrix preparation are
widely used these days.

The first method [13, 15] is based on treatment of
isolated cell nuclei with DNase | and subsequent
removal of the mgjor part of intranuclear proteins and
DNA by washing with a buffer containing 2 M NaCl.

An aternative method of preparation of nuclear
matrix, which was called by the authors as nuclear scaf-
fold, is based on the action of lithium 3,5-diiodosalicy-
late [16]. In this case, greater part of nuclear proteinsis
removed under milder conditions, i.e., by washing of
isolated cell nuclel with a low-salt buffer containing
LIS, and restriction endonucleases are used for the
DNA removal from the histone-depleted nuclei.

According to electron microscopy, the presence of
three structural componentsis characteristic of nuclear
matrix: residual nuclear laminawith pore complexes, a
residual nucleolus, and afibrillar-granular structure that
fills the intranuclear space and is called internal matrix
[14, 15].
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One more approach for the identification of struc-
tures forming nuclear matrix under the conditions close
to physiological was later proposed [17, 18]. The
method is based on the electrophoretic removal of the
most of nuclear components from the cells embedded
in 0.5% agarose. The encapsulated cellsare lyzed under
the conditions closeto physiological, and the cell lyzate
immobilized in agarose gel is treated with DNase | or
restriction endonucleases and subjected to electro-
phoresis. The relatively low-molecular components
(proteins and chromatin fragments) are easily passed
through the agarose layer, whereas residual nuclei (and
other large cell structures) remained fixed in the gel.
The ultrastructure of residual nuclei obtained in this
manner is close to that of nuclear matrix from the iso-
lated nuclei.

M etaphase scaffold is the component of metaphase
chromosomes, which is analogous in composition and
probable functions to interphase nuclear matrix (scaf-
fold) [19].

DNA WITHIN NUCLEAR MATRIX
AND ITS PROPERTIES

Definition of nmDNA and Methods
for Its Preparation

The DNA fragments tightly bound to the protein
backbone and stable toward action of high concentra-
tions of salts and nucleases are remained in nuclear
matrix. Content of the DNA tightly bound in nuclear
matrix may vary in dependence on its preparation
method. A small amount (1-3%) of DNA tightly bound
to nuclear matrix (nmDNA) is retained after a pro-
longed action of nucleases and stringent conditions of
its isolation [13]. The nmDNA is supposed to be
included in nuclear matrix as mono- and oligonucleo-
somes [20].

The appearance of loop domain hypothesis of the
interphase chromatin structure [1, 10] excited the inter-
est to studying nmDNA as a DNA fraction containing
potential regions of attachment to nuclear matrix of
loop domain bases. It was attempted to clone and ana-
lyze this DNA directly from nuclear matrix that was
prepared by either salt extraction [21] or by LIS [22].
The major disadvantage of this approach isthat aredis-
tribution and capture of some in vivo extrinsic DNA
fragments is possible during the process of nuclear
matrix isolation. The further analysis doesnot allow the
distinction of such fragments from actual nmDNA.

The approach using the cell encapsulation in low-
melting agarose (see above) is devoid of some of the
drawbacks. The presumed sites of attachment of loop
domains identified by this method were called LAS
(loop attachment sites) [18]. However, this method has
not found awide use probably dueto its complexity and
alow reproducibility.
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SMAR Elements

Another method of identification of the DNA
sequences presumably responsible for the attachment
of bases of the chromatin loop domains to nuclear
matrix received a significantly wider distribution. It is
based on binding of aspecific fraction of the exogenous
DNA fragments to the in vitro isolated nuclear matrix
(scaffold) in the presence of alarge excess of prokary-
otic DNA. Such fragments for the matrix obtained by
treatment with 2 M NaCl were called matrix-associated
or matrix-attachment regions (MARs) [23]. It was |ater
shown that the nuclear scaffold obtained by LIS extrac-
tion can also bind in vitro to some DNA fragments, and
the corresponding genomic DNA fragments were
called scaffold-associated regions (SARS) [24]. A large
number of publications concerning these elements did
not reveal any basic differences between SARs and
MARSs, and many authors currently combine these
sequences under the general name of SMAR elements
or SSIMARs [25]. We will aso follow this terminology.
The main drawback of thein vitro binding method con-
sistsin the fact that it is often difficult to prove whether
even the DNA fragments (SSMARS) highly affine to
nuclear matrix are actually its in vivo components.
Despite these disadvantages, this method is used most
widely, and it is the majority of information on the
potential regions of DNA attachment to nuclear matrix
that was obtained for SMAR elements.

Foecial Sructural Features of nmDNA

Theanalysisof nucleotide sequencesof SMAR ele-
ments, NmMDNA, and LAS of numerous human, mam-
malian, and plant genes failed to reveal extended
homologous regions in them. However, in some cases,
special features of certain SMARs groups were found,
and the attempts to classify them were made [25-28].
One of the SSMARS characteristics is their enrichment
with AT pairs [15, 27, 29, 30]. The motifs of A box
(AATAAAT/.AAA), T box (TTA/ T/, TTY/,TT), as
well as the sequences ATATTT (along with its variants
ATATTTTT and AATATT) [31-33], TAAT, and
TAAAT [27] are abundant among the AT-rich SMAR
elements. The tendency of AT-enriched sequences to
conformational transitions under the torsional stress|ed
to the concept of the stress-induced duplex destabiliza-
tion (SIDD) [34, 35]. According to this concept,
S/MAR elements contain the regions prone to easy
melting (BUR, base unpairing regions). Under stress,
the duplex destabilization starts from the region of the
so-called core unwinding element (CUE) and gradually
spreads over the whole SIMAR dement, which
increases its affinity to nuclear matrix [36].

Many SIMAR elements are enriched with the
sequences that are potentially capable of forming non-
canonical secondary structures of DNA. For example,
the presence of inverted repeats allows the possible for-
mation of cruciform structures [35, 37], to which some
Vol. 30
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specific proteins can bind [38]. SMARSs also contain
potential regions of triplex formation [27] and direct
repeats [39]. Some authors noticed DNA bends in the
regionsof their interaction with nuclear matrix [40, 41].

In many cases, the cleavage sites for topoisomerase
1 GTNA/;AS/LATTNATNNA/; were found inside the
AT-rich regions of SIMARs elements [23, 31], and it
was also shown that topoisomerase |1 is actually bound
to them [42, 43]. Topoisomerase |, whose cleavage site
also belongs to AT-enriched regions (AAAAAGACT-
T1 AGAAAAATT) [44], isindirectly bound to matrix,
via the actively transcribed sequences, to which both
nuclear matrix and topoisomerase | have increased
affinities [27].

The efforts to search for the consensus sequences
for SMAR elements led to the discovery of the MRS
motif, which contained two degenerated sequences
(AATAAYAA and AWWRTAANNWWGNNNC)
located in an immediate vicinity to one another. All the
cases of the MRS motif detection within a DNA
sequence were found to be connected with the DNA
fragment that could be specifically bound to nuclear
matrix. An analysis of more than 300 kbp of genomic
DNA from various eukaryotes demonstrated that the
MRS motif precisely predicted up to 80% of the
S/MAR elements [45]. However, itisfar from al of the
known S'MAR elements that have the MRS sequences.
It is presumed that the SSMAR properties are the most
probably determined by the common structural pecu-
liarities of their DNA, such as the presence of AT-
enriched regions and/or sitesinclined to bending, rather
than by the similaritiesin the SMAR sequences them-
selves [46].

On the basis of common properties of SMARS, sev-
eral computer programs were developed for the their
search; these took into account some characteristic
motifs of SMAR elements [47—49]. The useful ness of
these programs for the search for SMARs within the
mammalian and plant genome DNA is still obscure due
to the lack of a sufficient number of identified and
mapped S'MAR elements. The database of SMAR ele-
ments (SYMARt DB) contains less than 400 SSMAR
elements, and the precise position of the most of them
in genome is unknown [50].

Thus, the most characteristic structural features of
anima and plant SSMAR elements that affect their
specificity and the strength of interaction with nuclear
matrix are:

(1) the number and size of the DNA double helix
destabilization sites;

(2) the presence of inverted repeats,

(3) the presence of regions capable of formation of
noncanonical secondary structures (DNA bends, triple
helices, Z form, etc.); and

(4) the presence of cleavage sites for topoisomerase
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At the sametime, it should be noted that a consider-
able part of identified SIMARs that are highly affine to
nuclear matrix do not meet these rules, which implies
the existence of other classes of these elements[21, 51—
54].

S/IMARS FUNCTIONS
Formation of Loop Domains

The main function ascribed to SSMARs and similar
sequences is the formation, maintenance, and regula-
tion of functioning of interphase chromatin loop
domains as well as the formation and maintenance of
compact structure of metaphase chromosomes. The
average size of mammalian loop domains is 100 kbp
[17, 27, 55, 56], and, one can estimate from the full
human genome size that the number of SMARsin the
human genome is approximately 30000. A somewhat
different situation is observed in plants. An average size
of loops is 17 for tobacco, 9 for rice and sorghum, 45
for maize, and 25 kbp for Arabidopsis [57, 58]. A
hypothesiswas proposed that rel ates the size of theloop
domain with the level of transcriptional activity of its
genes (e.g., the cluster of histone genes has the size of
its domain of about 5000 bp) or with the rate of tran-
scription activation of this domain in response to the
corresponding action (the domains of genes of inter-
feron | have from 3000 to 14000 bp in length) [59].
Unlike these short loops, more extended domains con-
tain genesthat aretranscribed only at the definite devel-
opment stages or possess strict tissue specificity.

The number of attachment sites and, hence, the loop
domain lengths depend on a cell type and state. In par-
ticular, some DNA sites bound to matrix in the inter-
phase lose this ability when scaffold of metaphase
chromosomes is formed, and restore it two hours after
mitosis [60]. The study of dependences between the
numbers of replicons and chromatin loops during the
development of Xenopus showed that the nuclear
matrix at the blastula and gastrula stages binds more
S/MAR elements than the matrices at later stages of
development and of adults. In other words, some of the
S/MAR elements lose their functions during the pro-
cesses of cell differentiation and organism devel opment
[61]. The fibroblast transformation by SV40 virus aso
results in the change of the domain length and the dis-
tribution of matrix-associated DNA fragments [62]. A
striking example of tissue specificity isthe SMAR ele-
ment binding to nuclear matrix only after the activation
of T cells[63].

It was shown that a new SIMAR element was
formed after heat shock in the region of the promoter of
heat-shock protein gene (murine Asp70). This element
changes the domain organization and induces expres-
sion of this genethat plays akey rolein eliminating the
heat-shock consequences [64]. The heat shock results
in increased total number of binding sites of DNA to
nuclear matrix; in particular, the 5-SIMAR element is
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stabilized and an additional SSMAR element at the 3'-
end of the adenosine deaminase geneisformed [65].

Tissue specific SIMARs were aso found in other
genes. One of the most thoroughly studied in this
respect is a 47.5-kbp domain containing the human
apolipoprotein B gene (apoB), which is predominantly
expressed in the liver and intestine cells. The domainis
bordered from 3- and 5'-ends with two SMAR ele-
ments. Thethird (proximal) SMAR el ement wasfound
in this domain; it is bound to the matrix only in liver
cells (HepG2), where the apoB geneis effectively tran-
scribed and is unbound in the HeLa cell line [66]. Fur-
ther experiments on the transient expression and stable
integration into the genome confirmed that the SMAR
elements of apoB gene display an insulator function
and have no enhancer activity [67, 68]. In addition, the
SIMAR of the gene of avian malic enzyme is tightly
bound to nuclear matrix in thymocytes (where it is
active) but is not bound in reticulocytes [69].

These dataled to the conclusion that SMARs could
be subdivided into two types[70, 71]. The SSMAR ele-
ments of the first type are called by various authors as
stable, constitutive, or structural elements; they ensure
the attachment of the loop bases to nuclear matrix and
the formation of domainsirrespective of thetissuetype,
cell, and the stage of cell cycle. The SMAR elements
of the second type (dynamic, facultative, functional, or
tissue specific) fulfill a regulatory function by forming
temporary loop domains that are necessary either at
definite stages of cell life or for cells of a certain type
[25, 72]. This attractive hypothesis is extensively dis-
cussed, but has not been proved until now. Theinforma-
tion on thetissue-specific character of the SSMARs-rec-
ognizing protein expression (see below) also supports
this hypothesisin addition to the above-discussed facts.

Neutralization of Position Effect

As discussed above, the DNA sites affine to nuclear
matrix are often localized in noncoding genomeregions
and, in this manner, designate the presumed boundaries
of chromatin domains. The idea of independent
domains got a new impulse after SMARs were found
to be able to neutralize the effect of the position and
enhance transcription of the genes randomly integrated
into genome.

The level of transcription of the genes that are
steadily integrated into the cell genomesin culturesand
into transgenic organisms is generally unpredictable
and depends on the integration site. It was shown that
the presence of SIMARs at the boundaries of integrated
gene enhances its transcription and made it less depen-
dent on the integration site [73-76]. The integration of
the complete domain containing the human B-inter-
feron gene together with SSMARS surrounding it 20—
30-fold increases the level of its transcription in com-
parison with the construct lacking SSMARs[77]. Inthe
most cases, such effects are observed only at a stable
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integration of the construct into the host cell genome
and are absent or are dramatically weakened in the case
of transient expression [35, 75, 78-80].

The sequences called insulators display a similar
biological activity; i.e., they neutralize the position
effect and define the borders of functional chromatin
domains [81, 82]. There are some indications that the
mechanism of action of insulators involves their inter-
action with nuclear matrix. In fact, the same DNA frag-
ment displayed both the SMARs and insulator activi-
ties[83-85] at |east in some cases. However, some data
also demonstrate that these activities can be separated
[86] or are only observed for certain genetic constructs
[87]. Thus, the problem of probable S'MARs-insulator
relationship has not been solved up to now and requires
the identification and comparative analysis of a greater
number of these elements.

Another possible mechanism of the SSMARs effect
on transcription involves methylation. If SMAR from
human B-interferon is inserted into a retroviral vector
based on Moloney murine leukemia virus (Mo-MuLV)
directly upstream the 3'-terminal LTR, the expression
of the reporter gene remains stable for a long time
(more than four months), and no LTR methylation is
observed. In the analogous construct lacking the
S/MAR dement, LTR is substantially methylated and
the reporter gene is not expressed. This fact directly
confirms that SIMAR elements can prevent methyla-
tion in transcriptionally active loci, thereby supporting
their expression [88].

The abilities to neutralize the position effect and
activate the transcription of transgene open new pros-
pects for the use of SSMARSs in transgenosis and gene
therapy [89].

SMARSs as Integration Stes
for Retroviral \Vectors

The insertion of reporter genes into the genome of
cultured cells by means of aretroviral vector using the
method ensuring the single copy insertion was found to
happen into the regions capable of binding to nuclear
matrix in vitro (SYMARs) and surrounded by DNA
proneto bending in al the examined transformants[ 36,
51]. These SSMARs had atypical sequences: they were
devoid of extended AT-enriched regions and, on the
contrary, were enriched with CA/TG and AG/CT pairs.

SMARs within Retroelements

The potential nuclear matrix binding sites were
found in retrotransposable repeated genome elements,
particularly, in long interspersed elements (LINE) [53,
90-92] and RTVL-la (L.G. Nikolaev et al., unpub-
lished data). Moreover, one of the sequences found in
the clone library of chromatin LAS [18] had a high
homology to LINE-1. Apparently, the sequences of
plant miniature inverted repeat transposable elements
(MITE) contain SIMAR [57, 93]. It is possible that the
Vol. 30
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presence of SIMARs can also be acharacteristic feature
of other retroposons. The transposition of SIMARS
together with retroelements in the process of genome
evolution can cause dramatic changes in the chromatin
structure and in the regulation of genes located in the
domains formed by them.

PROTEINS SPECIFICALLY BINDING SMARS

The SIMARSs hinding to nuclear matrix appears to
occur through the nuclear matrix proteins that can rec-
ognize and tightly bind S'MARSs sequences. A number
of such proteins were identified and characterized in
recent years.

A protein specific for thymocytes, SATB1 (special
AT-rich binding protein), was found [94]. It can bind
with a high efficiency to the DNA minor groove of
SIMAR elements, which contain A, T, and C-enriched
regions in one of their nucleotide strands and have
potentialy low-melting BUR regions. This protein was
shown to contain a 150-aa site that displays the
SIMAR-binding properties of the total protein along
with anew DNA-binding motif and an atypical homeo-
domain [95, 96]. It was later shown that SATB1 is a
potent transcriptional suppressor of the genes sur-
rounded by S'MAR elements and does not significantly
affect thetranscriptional level of genes surrounded with
AT-rich sequences lacking properties of SMARs [97].
Experiments on the mouse lines containing inactivated
SATB1 gene revealed numerous defects in the devel op-
ment of T cells and considerable changesin expression
levels of various genes[98]. Protein p114 from the car-
cinoma cells of mammary gland (SK-BR-30) displays
similar properties. Interestingly, no SMAR-binding
activity of p114 wasfound in the cell culture of normal
mammary gland [99].

The protein ARBP is cooperatively and specifically
bound to S/IMARs from the locus of the chicken
lysozyme gene, as well as to mouse, fruit fly, and
human SMARs. It is preferably bound to the motif 5'-
GGTGT surrounded with AT-rich sequences [100—
102]. The ARBP protein, whose cDNA was cloned, is
highly homologous to the rat protein that binds the
methyl-CpG-binding protein (MeCP2). Both proteins
contain a highly conserved domain binding SSMAR
elements. The ARBP/MeCP2 was shown to be a multi-
functional protein involved in the chromatin organiza-
tion, the formation of loop domain structure, and the
recognition of methylated DNA [103]. It was later
shown that this protein interacts with mSin3A protein
as a corepressor and forms a histone complex contain-
ing deacetylases when being bound to SSMAR ele-
ments. The deacetylase is supposed to affect SMAR
elements, which results in the formation of a local
region of inactive chromatin [104].

The SP120 protein with molecular mass of 120 kDa
was initially discovered as a protein cooperatively
interacting with certain DNA fragments of the murine
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K-immunoglobulin and the fushi-tarazu gene of fruit
fly. It was reported that many properties, including the
capability of cooperative DNA binding, of this protein
and theARBP protein are similar. SP120 and ARBP are
currently regarded as different proteins, despite their
obvious similarity [105].

SAF-A factor is present in the preparations of the
heterogeneous nuclear ribonucleoproteins (hnRNP
complex). It isinvolved in the RNA packing into RNP
particles, and can form globular and filament com-
plexes with DNA and RNA [106-108]. One of the
SAF-A functions probably consists in its involvement
in the formation of chromatin structure and in conser-
vation of the structure during the interphase. The SAF-
A proteinis proneto the formation of homopolymersin
vitro. One molecule of the protein was shown to bind
S/MARs poorly, and only asimultaneous interaction of
several molecules led to the powerful and strictly spe-
cific binding. The primary structure of SAF-A reflects
itsdual function. Its C-terminal domain binds RNA and
single-stranded DNA, whereasits45-aasite at N-termi-
nus called SAF-box is responsible for the SSMARS
binding [109]. The SAF-box is present in many eukary-
otic proteins, and at least some of these proteins can
also bind S'MARSs. For example, SAF-box containsthe
SAF-B protein binding to SMAR elements[110]. Dur-
ing apoptosis, the SAF-box is cleaved with caspase 3,
and, as a result, the SAF-A loses the ability to bind
S/MAR elements and is separated from the nuclear
matrix [111]. A similar to SAF-A proteins SAF-B (or
HET, Hsp27-ERE-TATA-binding protein) displays a
clear and pronounced ability to selective bind the regu-
latory sites of some heat-shock protein genes and the
DNA region containing the estrogen receptor binding
site[112].

The B-cell-specific protein that regulates the tran-
scription of immunoglobulin H gene (Bright, B cell
regulator of IgH transcription) binds the regulatory
S/MARs flanking the intron enhancer of the gene of
immunoglobulin heavy chains; it activates the tran-
scription of this gene only in its natural environment
and only in B type cells. The protein contains the
domain required for its tetramerization and subsequent
binding of YMARs[113, 114].

The homeodomain protein Cux/CDP (CAAT dis
placement protein) predominantly expressed in early B
cells and never in mature B cells also demonstrates the
capability of binding SMAR elements[115]. This pro-
tein is believed to be a negative regulator of intron
enhancer of immunoglobulin heavy chain genes, which
is specific for the cell type and differentiation stage; the
effect of Cux/CDPismediated by the SIMARSsthat sur-
round the enhancer. The activity of Cux/CDP allowsto
Wang et al. to regard it as an antagonist of Bright pro-
tein [116]. The study of transcription regulation of the
human CYP7AL gene (cholesterol-7a hydroxylase) is
another exampl e supporting the hypothesisthat CDPis
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a transcriptional repressor directly interacting with
intron SMARs [117].

Recently, another S/MARs binding protein,
SMARI, was identified [118]; it has common binding
sites and some common structural properties with
SATB1, Cux/CDP, and Bright proteins.

Some plant proteins can aso bind SYMARs specifi-
caly. Protein MFP1 (MAR binding filament-like pro-
tein 1), isolated from tomatoes, contains a DNA bind-
ing domain of new type[119, 120]. A multidomain pro-
tein AHM1 (AT hook-containing MAR binding
protein) was recently found in tobacco cells and char-
acterized [121].

DOMAIN STRUCTURE OF CHROMATIN
IN GENOMIC CONTEXT

S'MARs and Loop Domains

According to the loop—domain model discussed
above, SSMARs should flank certain genes or gene
groups and form an independently regulated unit with a
definite structure and function [66, 122]. Severa
attempts were made to localize SSMARs on genomic
sequencesin order to test this hypothesis. However, the
accuracy of these attempts was limited due to a rather
large sizes of the SIMAR-containing fragments, which
were formed after hydrolysis with the restriction endo-
nucleases (up to 10000 bp), whose lengths were sub-
stantialy larger than the estimated lengths of SSIMARs
[27]. Therefore, one could only state in most cases that
the identified SSMAR element was within the restric-
tion fragment, but its exact position remained
unknown. Moreover, the lack of overlapping clones for
rather long genome regions enabled the S'IMARS map-
ping only in single characterized loci, which contained,
as a rule, single genes or families of related genes
[123]. For example, four S/MAR elements were
mapped in a200-kbp locus contai ning the genes of con-
stant regions of murine immunoglobulin heavy chains
[124], and eight SSMAR elements were mapped in the
90-kbp locus of human B-globin genes[125].

Nevertheless, several SIMARs were mapped on the
320-kbp fruit fly genome region containing anumber of
unrelated genes. In this case, the lengths of the pro-
posed domains were 26—112 kbp. These domains con-
tained up to eight genes, some of which were tran-
scribed. However, no correlation between activities of
the genes and their location within the revealed
domains was found [126].

The construction of extended contigs of cloned
DNA enabled the SSMARSs (nmDNA) mapping in the
more than 800 kbp long locus of the fruit fly genome
[127, 128]. There were identified 85 restrictive frag-
ments co-isolated with nuclear matrix obtained by LIS
extraction; 12 of them were found in the majority of
studied cells (strong SMARS), 44 in a fraction of the
cells, and the remaining only in single cells. Strong
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S/MARswere |ocated between the transcriptional units
and divided the locus into loops of 15-115 kbp in size.

The method of identification of loop domains devel-
oped by Razin et al. deserves a special attention [129,
130]. It is based on the fact that, after a salt extraction
of cell nuclei, the structural backbone of nuclei retained
topoisomerase Il directly bound to it. This enzyme
retains its activity and directly contacts the DNA
responsible for the attachment of loop bases to nuclear
matrix. The cells were loaded into agarose blocks,
treated with a nonionic detergent to enhance the mem-
brane permeability, extracted with 2 M NaCl, incubated
in the buffer used for topoisomerase Il in the presence
of epipodophyllotoxin VM-26, an inhibitor of the
topoisomerase ligase activity. Under these conditions,
the topoisomerase-catalyzed reaction inserts double-
stranded breaksinto the DNA molecule, which leadsto
aset of DNA fragments, whose ends are determined by
topoisomerase-induced cleavage sites and are close to
the loop bases. Thismethod enabled identification of 11
cleavage sites in the ~800-kbp locus of the fruit fly
genome. Ten of them coincided with the previously
found S'MARs, however, only one with a strong
SIMAR element [56, 130, 131].

Later a reconstruction of the domain structure of
human 9p21-22 locus containing a gene cluster of type
| interferons was attempted. It was found 36 SMAR
elements; 29 of them displayed high and seven aweak
binding activitiestoward nuclear matrix. Theinterferon
locus was found to consist of a series of small domains
(from 2 to 10 kbp), in which the encoding gene
sequences were flanked with SMAR elements [59].

An anaysis of maize chromosome 1 fragment
helped reveal nine potential loop domains 6 to 75 kbp
long [132].

Recently, an attempt was made to map the SSMARS
according to the in vitro binding to nuclear matrix of a
150-kbp fragment of the human chromosome 14; this
fragment contains a cluster of serpin genes. Five inde-
pendent M AR elementswere found. One of them was
localized 16 kbp downstream the beginning of a-1-
antitrypsin gene, three of them were found between the
antitrypsin-like gene (ATR) and the gene of corticoster-
oid-binding globulin (CBG), and one in the CBG gene
intron. The location of the first three SMAR elements
implies that the a-1-antitrypsin and ATR genes are sit-
uated in the same 50-kbp long chromatin domain sepa-
rated from CBG by two SSMAR elements. Two other
S/MARsarelocalized in the promoter region and in the
first intron of CBG gene [133].

The determination of the primary structure of
extended genomic sequences of eukaryotic organisms,
in particular, the first version of complete nucleotide
sequence of the human genome [134], opens possibili-
ties for the exact positioning of a large number of
S/MARs relative to adjacent genes. As mentioned
above, the number of SSMARs in human genome is
estimated as approximately 30 000; in plant genomes,
Vol. 30
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this number seemsto be considerably higher. The exist-
ing methods of fragmentation and determination of the
matrix-binding activity of single DNA fragments
would probably be useless in most cases for the
S/MARs mapping of extended genome regions to say
nothing of the complete genomes. To solve these prob-
lems, functional clone libraries containing alarge num-
ber of potential YMARs should be constructed. The
exact SSMARs|ocalization requiresthat an average size
of fragmentsin alibrary should correspond to the aver-
age S'MARs length, i.e., to about 500 bp. Up to now,
two methods of constructing such libraries have been
suggested. The first of them is based on cloning DNA
fragments isolated together with nuclear matrix
(nmDNA) obtained by various procedures[18, 21, 22].
The clone library constructed in this way from human
cell cultures contained half of the clones corresponded
to only one 542-bp SMAR element [21]. In the LAS
clone library [18], only 41% of unique sequences were
affine to nuclear matrix. The tobacco SIMARs library
[22] was obtained using the method described in [21].
The examination of 34 random clones showed that only
30% of them preferably bound in vitro the nuclear
matrix and, hence, were SSMARS by definition. It is
reasonable that the quality of the obtained clone librar-
ies does not allow the direct mapping of sequencesthey
contain and requires a preliminary analysis of the
clones for their ability to be bound by nuclear matrix.
The mapping of sequences from the libraries has not
been performed.

Another approach was used in [52, 53]. It is based
on constructing the clone library of short genomic frag-
ments (500 bp on average) presenting the sequence of
human chromosome 19, followed by sorting out the
subpopulation of fragments in vitro binding nuclear
matrix, i.e., containing SMARs. In the obtained mini-
library, 55 clones were analyzed, and 50 of them were
found to be preferably bound by nuclear matrix. More
than 30 sequences were mapped on the human chromo-
some 19 according to their primary structure. This
approach was further developed in [54], in which the
S/MARs clone library of 1 000-kbp long completely
sequenced locus of human genome was obtained, and
16 SIMAR elements were exactly mapped. Thelocusis
situated between D795208 and COX7A1 markers and
contains 22 identified genes. Eleven intergene SSIMARS
divide the locusinto ten domains of six to 272 kbp long
with an average length of 88 kbp. Another five SSMARs
were found in introns of the known genes (see below).
Some correlation was observed for the tissue specifici-
ties of expression of genesinvolved in one and the same
domain.

Intron YMARSs

S/MARs must flank one or several genes to form
loop domains. Nevertheless, the sequences displaying
S/MARs properties are often found in introns of vari-
ous genes and, hence, are transcribed. For example,

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  Vol. 30

such S’IMARswerefound in the genes of murineimmu-
noglobulin light and heavy chains[23, 29], rat a2-mac-
roglobulin [135], human topoisomerase | [136], and
some other genes[54].

It was found that SMARs are closely associated
with intron enhancers of genes of immunoglobulin
heavy [29] and k-light chains [23] and the genes of [3-
T-cellular receptor [118, 137] and &-T-cellular receptor
[138]. The intron enhancer of immunoglobulin heavy
chains is flanked with SSMAR elements from both
sides. These SYMARs are involved in the repression of
the locus transcription in other than B type cells [139].
In B cells these elements function synergistically with
the enhancer and activate transcription [140-143]. The
S/MAR elements flanking the enhancer of the murine
immunoglobulin heavy chain activate the terminal pro-
moter of the variable region [V (H) promoter] and ten-
fold increase the histone acetylation in the adjacent
regions [144]. Intron SIMARs are also necessary for
demethylation of regulatory sites and activation of
immunoglobulin k-chainsin B cells[145].

In addition, together with the enhancer, intron
SIMARs can increase the frequency of the V(D)J
recombination [138, 146].The level of somatic hyper-
mutation of V region isalso affected by intron SMARS
[147, 148]. The deletion of intron SIMARS results in
the hyperrecombination of Vk-Jk regions, which cor-
relates with their undermethylation but not with their
transcription level. The authors think that SMARS can
inhibit the V—J recombination at the stage of B cell pre-
cursors [149, 150]. Another known example of the
involvement of the SSMAR element located in the
intron close to the enhancer into expression regulation
is a gene of keratinocyte termina differentiation
marker (SPRR2A) [151].

SMARs and Other Genomic Regulator Elements

S/MARs can be structurally close and functionally
associated not only with intron enhancers, but also with
other genomic regulatory elements. SMAR elements
belong to anew class of cisregulatory elements, Locus
Control Regions (LCTs), which arethe DNA fragments
that enhance and maintain the expression of the gene
under control after integration into another genome
[152]. It was noticed that M ARs are necessary for the
tissue-specific activity of LCRs in murine tyrosinase
[153] and human apolypoprotein E/C-I genes [154].

CONCLUSIONS

The data discussed above allow the conclusion that
S/MAR elements play an important, although still
incompletely understood role in the formation and
maintaining of the structure and regulation of function-
ing of the cell genetic machinery. Numerous studies
devoted to the mechanisms of SSMARs functioning at
the level of single genes and small gene loci report
insufficient data concerning the localization of

No. 1 2004
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S/MARs in extended genome regions. Actualy, there
are virtually no data on the tissue specificity of the
S/MARSs binding to nuclear matrix that could help to
elucidate the mechanisms of the large-scale chromatin
structure—activity regulation. The structural basis for
S/IMARSs binding to nuclear matrix has aso been stud-
ied insufficiently. These drawbacks mostly result from
the lack of adequate approaches to the analysis of this
type. This makes necessary the development of new
methods of investigation of the structure and activity
regulation of the genetic material, in particular, on the
basis of the results of the Human Genome Project.

ACKNOWLEDGMENTS

The work was supported by the program Leading
Scientific Schools, project no. NSh-2006.2003.4, by
the Russian Foundation for Basic Research, project
nos. 01-04-48933, 01-04-48980, and 02-04-48601; and
by the INTAS program, project no. 2001-0279.

REFERENCES

1. Marsden, M.P. and Laemmli, U.K., Cell (Cambridge,
Mass.), 1979, vol. 17, pp. 849-858.

2. Pienta, K.J,, Partin, A.W., and Coffey, D.S., Cancer
Res., 1989, val. 49, pp. 2525-2532.

3. Bednar, J., Horowitz, R.A., Grigoryev, SA., Carruth-
ers, L.M., Hansen, J.C., Koster, A.J, and Wood-
cock, C.L., Proc. Natl. Acad. Sci. USA, 1998, vol. 95,
pp. 14 173-14 178.

4. lgo-Kemenes, T., Horz, W., and Zachau, H.G., Annu.
Rev. Biochem., 1982, val. 51, pp. 89-121.

5. Thomas, J.O., J. Cell Sci. Suppl., 1984, vol. 1, pp. 1-20.

6. Finch, J.T. and Klug, A., Proc. Natl. Acad. Sci. USA,
1976, vol. 73, pp. 1897-1901.

7. Kiryanov, G.I., Smirnova, T.A., and Polyakov, V., Eur.
J. Biochem., 1982, vol. 124, pp. 331-338.

8. Subirana, JA., Munoz-Guerra, S., Aymami, J., Rader-
macher, M., and Frank, J., Chromosoma, 1985, vol. 91,
pp. 377-390.

9. Woodcock, C.L., Grigoryev, S.A., Horowitz, R.A., and
Whitaker, N., Proc. Natl. Acad. Sci. USA, 1993, val. 90,
pp. 9021-9025.

10. Cook, PR. and Brazell, I.A., Nucleic Acids Res., 1980,
vol. 8, pp. 2895-2906.

11. Hancock, R. and Boulikas, T., Int. Rev. Cytol., 1982,
vol. 79, pp. 165-214.

12. Pienta, K.J. and Coffey, D.S., J. Cell Sci. Suppl., 1984,
vol. 1, pp. 123-135.

13. Berezney, R. and Coffey, D.S., Biochem. Biophys. Res.
Commun., 1974, vol. 60, pp. 1410-1417.

14. Berezney, R., Mortillaro, M.J,, Ma, H., Wei, X., and
Samarabandu, J., Int. Rev. Cytol., 1995, vol. 162A,
pp. 1-65.

15. Berezney, R. and Coffey, D.S., J. Cell Biol., 1977,
vol. 73, pp. 616-637.

16. Mirkovitch, J., Mirault, M.E., and Laemmli, U.K., Céll
(Cambridge, Mass.), 1984, vol. 39, pp. 223-232.

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY

17. Jackson, D.A., Dickinson, P, and Cook, PR., Nucleic
Acids Res., 1990, val. 18, pp. 4385-4393.

18. Jackson, D.A., Bartlett, J., and Cook, PR., Nucleic
Acids Res., 1996, val. 24, pp. 1212-1219.

19. Mirkovitch, J., Gasser, SM., and Laemmli, U.K.,
J. Mal. Bial., 1988, vol. 200, pp. 101-109.

20. Barbashov, S.F., Glotov, B.O., and Nikolaev, L.G., Bio-
chim. Biophys. Acta, 1984, vol. 782, pp. 177-186.

21. Boulikas, T. and Kong, C.F., J. Cell Biochem., 1993,
vol. 53, pp. 1-12.

22. Michalowski, SM., Allen, G.C., Hall, G.E., J., Thomp-
son, W.F., and Spiker, S., Biochemistry, 1999, val. 38,
pp. 12 795-12 804.

23. Cockerill, PN. and Garrard, W.T., Cell (Cambridge,
Mass.), 1986, vol. 44, pp. 273-282.

24. |zaurralde, E., Mirkovitch, J., and Laemmli, U.K.,
J. Mol. Bial., 1988, vol. 200, pp. 111-125.

25. Bode, J., Schlake, T., Rios-Ramirez, M., Mielke, C.,
Stengert, M., Kay, V., and Klehr-Wirth, D., Int. Rev.
Cytal., 1995, vol. 162A, pp. 389-454.

26. Boulikas, T., J. Cell Biochem., 1993, vol. 52, pp. 23-36.

27. Boulikas, T., Int. Rev. Cytol., 1995, val. 162A, pp. 279~
388.

28. Bode, J., Stengert-lber, M., Kay, V., Schlake, T., and
Dietz-Pfeilstetter, A., Crit. Rev. Eukaryot. Gene Expr.,
1996, val. 6, pp. 115-138.

29. Cockerill, PN., Yuen, M.H., and Garrard, W.T., J. Biol.
Chem., 1987, val. 262, pp. 5394-5397.

30. Bode, J., Kohwi, Y., Dickinson, L., Joh, T., Klehr, D.,
Mielke, C., and Kohwi-Shigematsu, T., Science, 1992,
vol. 255, pp. 195-197.

31. Gasser, SM. and Laemmli, U.K., Cell (Cambridge,
Mass.), 1986, vol. 46, pp. 521-530.

32. Mielke, C., Kohwi, Y., Kohwi-Shigematsu, T., and
Bode, J., Biochemistry, 1990, vol. 29, pp. 7475-7485.

33. Pommier, Y., Cockerill, PN., Kohn, K.W., and Gar-
rard, W.T., J. Virol., 1990, vol. 64, pp. 419-423.

34. Benham, C., Kohwi-Shigematsu, T., and Bode, J.,
J. Mal. Bial., 1997, val. 274, pp. 181-196.

35. Bode, J., Bartsch, J., Boulikas, T., Iber, M., Mielke, C.,
Schubeler, D., Seibler, J., and Benham, C., Gene Ther-
apy Mal. Bial., 1998, val. 1, pp. 551-580.

36. Bode, J., Benham, C., Knopp, A., and Mielke, C., Crit.
Rev. Eukaryot. Gene Expr., 2000, vol. 10, pp. 73-90.

37. Boulikas, T., J. Cell Biochem., 1993, vol. 52, pp. 14-22.

38. Broeker, PL., Harden, A., Rowley, J.D., and Zeleznik-
Le, N., Curr. Top. Microbiol. Immunol., 1996, vol. 211,
pp. 259-268.

39. Opstelten, R.J., Clement, J.M., and Wanka, F., Chromo-
soma, 1989, vol. 98, pp. 422-427.

40. Homberger, H.P,, Chromosoma, 1989, vol. 98, pp. 99—
104.

41.von Kries, JP, Phi-Van, L., Diekmann, S., and
Stratling, W.H., Nucleic Acids Res., 1990, vol. 18,
pp. 3881-3885.

42. Adachi, Y., Kas, E., and Laemmli, U.K., EMBO J.,
1989, vol. 8, pp. 3997—4006.

43. Blasquez, V.C., Sperry, A.O., Cockerill, PN., and Gar-
rard, W.T., Genome, 1989, vol. 31, pp. 503-509.

Vol. 30 No.1 2004



46.

47,

48.

49,

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

STRUCTURE AND FUNCTIONS OF NUCLEAR MATRIX 9

. Krogh, S., Mortensen, U.H., Westergaard, O., and Bon-

ven, B.J., Nucleic Acids Res., 1991, val. 19, pp. 1235-
1241,

.van Drunen, C.M., Sewadlt, R.G., Oosterling, R.W.,

Weisbeek, PJ., Smeekens, S.C., and van Drid, R,
Nucleic Acids Res., 1999, voal. 27, pp. 2924-2930.

Yamamura, J. and Nomura, K., FEBS Lett., 2001,
vol. 489, pp. 166-170.

Singh, G.B., Kramer, JA., and Krawetz, SAA., Nucleic
Acids Res., 1997, val. 25, pp. 1419-1425.

Glazko, G.V., Rogozin, I.B., and Glazkov, M.V., Bio-
chim. Biophys. Acta, 2001, vol. 1517, pp. 351-364.
Frisch, M., Frech, K., Klingenhoff, A., Cartharius, K.,
Liebich, I., and Werner, T., Genome Res., 2002, vol. 12,
pp. 349-354.

Liebich, I., Bode, J., Frisch, M., and Wingender, E.,
Nucleic Acids Res., 2002, vol. 30, pp. 372-374.
Mielke, C., Maass, K., Tummler, M., and Bode, J., Bio-
chemistry, 1996, vol. 35, pp. 2239-2252.

Nikolaev, L.G., Tsevegiyn, T., Akopov, S.B., Ash-
worth, L.K., and Sverdlov, E.D., Nucleic Acids Res.,
1996, vol. 24, pp. 1330-1336.

Nikolaev, L.G., Akopov, S.B., Chernov, I.P, Glo-
tov, B.O., Eshvort, L.K., and Sverdiov, E.D., Dokl.
Ross. Akad. Nauk, 1998, vol. 361, pp. 409-411.

Chernov, I.P, Akopov, S.B., Nikolaev, L.G., and Sverd-
lov, E.D., J. Cell Biochem., 2002, vol. 84, pp. 590-600.

Jack, R.S. and Eggert, H., Eur. J. Biochem., 1992,
vol. 209, pp. 503-509.

larovaia, O., Hancock, R., Lagarkova, M., Miassod, R.,
and Razin, S.V., Mal. Cell. Bial., 1996, vol. 16, pp. 302—
308.

Avramova, Z., Tikhonov, A., Chen, M., and Ben-
netzen, J.L., Nucleic Acids Res., 1998, vol. 26, pp. 761—
767.

Paul, A.L. and Ferl, R.J,, Plant Cell, 1998, val. 10,
pp. 1349-1359.

Strissel, PL., Dann, H.A., Pomykala, H.M., Diaz, M.O.,
Rowley, J.D., and Olopade, O.l., Genomics, 1998,
vol. 47, pp. 217-229.

Kas, E. and Chasin, L.A., J. Mol. Biol., 1987, vol. 198,
pp. 677-692.

Maric, C. and Hyrien, O., Chromosoma, 1998, val. 107,
pp. 155-165.

Tsongdlis, G.J., Coleman, W.B., Smith, G.J., and Kauf-
man, D.G., Cancer Res., 1992, vol. 52, pp. 3807-3810.
Cai, S. and Kohwi-Shigematsu, T., Methods, 1999,
vol. 19, pp. 394-402.

Roti Roti, J.L., Wright, W.D., and VanderWaal, R., Crit.
Rev. Eukaryot. Gene Expr., 1997, vol. 7, pp. 343-360.

Sakkers, R.J., Brunsting, JF., Filon, A.R., Kamp-
inga, H.H., Konings, A.W., and Mullenders, L.H., Int.
J. Radiat. Bial., 1999, vol. 75, pp. 875-883.

Levy-Wilson, B. and Fortier, C., J. Biol. Chem., 1989,
vol. 264, pp. 21 196-21 204.

Wang, D.M., Taylor, S., and Levy-Wilson, B., J. Lipid
Res., 1996, val. 37, pp. 2117-2124.

Antes, T.J., Namciu, S.J., Fournier, R.E., and Levy-Wil-
son, B., Biochemistry, 2001, vol. 40, pp. 6731-6742.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  Vol. 30

Brotherton, T., Zenk, D., Kahanic, S., and Reneker, J.,
Biochemistry, 1991, vol. 30, pp. 5845-5850.

Phi-Van, L. and Stratling, W.H., Progr. Mol. Subcell.
Bial., 1990, val. 11, pp. 1-11.

Jackson, D.A., Dalle, A., Robertson, G., and Cook, PR.,
Cell. Bial. Int. Rep., 1992, val. 16, pp. 687—696.

Razin, S.V. and Vassetzky, Y.S., Cell. Biol. Int. Rep.,
1992, vol. 16, pp. 697—708.

Stief, A., Winter, D.M., Stratling, W.H., and Sip-
pel, A.E., Nature, 1989, vol. 341, pp. 343-345.
Phi-Van, L., von Kries, JP, Ostertag, W., and
Stratling, W.H., Mol. Cell. Biol., 1990, vol. 10,
pp. 2302-2307.

Allen, G.C, Hadl, G.E, J., Childs, L.C., Weiss
inger, A.K., Spiker, S., and Thompson, W.F., Plant Cell,
1993, vol. 5, pp. 603-613.

Charron, G., Julien, J.P, and Bibor-Hardy, V., J. Biol.
Chem., 1995, vol. 270, pp. 25 739-25 745.

Klehr, D., Maass, K., and Bode, J., Biochemistry, 1991,
vol. 30, pp. 1264-1270.

Allen, G.C., Hal, G., Jr., Michalowski, S., New-
man, W., Spiker, S., Weissinger, A.K., and Thomp-
son, W.F, Plant Cell, 1996, vol. 8, pp. 899-913.
Poljak, L., Seum, C., Mattioni, T., and Laemmli, U.K.,
Nucleic Acids Res., 1994, vol. 22, pp. 4386-4394.
Allen, G.C., Spiker, S., and Thompson, W.F.,, Plant Mal.
Bial., 2000, val. 43, pp. 361-376.

Geyer, PK., Curr. Opin. Genet. Dev., 1997, val. 7,
pp. 242-248.

Bell, A.C. and Felsenfeld, G., Curr. Opin. Genet. Dev.,
1999, vol. 9, pp. 191-198.

Kalos, M. and Fournier, R.E., Mol. Cell. Biol., 1995,
vol. 15, pp. 198-207.

Nabirochkin, S., Ossokina, M., and Heidmann, T.,
J. Biol. Chem., 1998, vol. 273, pp. 2473-2479.

Namciu, S.J., Blochlinger, K.B., and Fournier, R.E.,
Moal. Cell. Bial., 1998, val. 18, pp. 2382—2391.

Scott, K.C., Taubman, A.D., and Geyer, PK., Genetics,
1999, vol. 153, pp. 787-798.

Attal, J., Cgero-Juarez, M., Petitclerc, D., Theron, M.C.,
Stinnakre, M.G., Bearzotti, M., Kann, G., and Houde-
bine, L.M., Mol. Bial. Rep., 1995, vol. 22, pp. 37-46.

Dang, Q., Auten, J., and Plavec, |., J. Virol., 2000,
vol. 74, pp. 2671-2678.

Bode, J., Schlake, T., Iber, M., Schubeler, D., Seibler, J.,
Snezhkov, E., and Nikolaev, L., Biol. Chem., 2000,
vol. 381, pp. 801-813.

Chimera, JA. and Musich, PR., J. Biol. Chem., 1985,
vol. 260, pp. 9373-9379.

Akopov, S.B., Nikolaev, L.G., Tyrsin, O., Ruzov, A.S.,
and Sverdlov, E.D., Bioorg. Khim., 1997, vol. 23,
pp. 727-731.

deBéllg, I., Cai, S., and Kohwi-Shigematsu, T., J. Céll
Biol., 1998, vol. 141, pp. 335-348.

Tikhonov, A.P, Bennetzen, J.L., and Avramova, Z.V.,
Plant Cell, 2000, vol. 12, pp. 249-264.

. Dickinson, L.A., Joh, T., Kohwi, Y., and Kohwi-Shige-

matsu, T., Cell (Cambridge, Mass.), 1992, vol. 70,
pp. 631-645.

No. 1 2004



10

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111

112.

113.

114.

115.

116.

117.

CHERNOV et al.

Nakagomi, K., Kohwi, Y., Dickinson, L.A., and Kohwi-
Shigematsu, T., Mol. Cell. Biol., 1994, vol. 14,
pp. 1852-1860.

Dickinson, L.A., Dickinson, C.D., and Kohwi-Shige-
matsu, T., J. Biol. Chem., 1997, vol. 272, pp. 11463—
11470.

Kohwi-Shigematsu, T., Maass, K., and Bode, J., Bio-
chemistry, 1997, vol. 36, pp. 12 005-12 010.

Alvarez, J.D., Yasui, D.H., Niida, H., Joh, T., Loh, D.Y.,
and Kohwi-Shigematsu, T., Genes Dev., 2000, val. 14,
pp. 521-535.

Yanagisawa, J., Ando, J., Nakayama, J., Kohwi, Y., and
Kohwi-Shigematsu, T., Cancer Res., 1996, vol. 56,
pp. 457-462.

von Kries, JP, Buhrmester, H., and Stratling, W.H.,
Cell (Cambridge, Mass.), 1991, vol. 64, pp. 123-135.

von Kries, J.P, Rosorius, O., Buhrmester, H., and
Stratling, W.H., FEBS Lett., 1994, vol. 342, pp. 185-
188.

Buhrmester, H., von Kries, J.P, and Stratling, W.H.,
Biochemistry, 1995, vol. 34, pp. 4108-4117.

Weitzel, J.M., Buhrmester, H., and Stratling, W.H., Mol.
Cell. Biol., 1997, vol. 17, pp. 5656-5666.

Stratling, W.H. and Yu, F,, Crit. Rev. Eukaryot. Gene
Expr., 1999, vol. 9, pp. 311-318.

Tsutsui, K., Tsutsui, K., Okada, S., Wataral, S., Seki, S.,
Yasuda, T., and Shohmori, T., J. Biol. Chem., 1993,
vol. 268, pp. 12 886-12 894.

Romig, H., Fackelmayer, FO., Renz, A., Ram-
sperger, U., and Richter, A., EMBO J., 1992, vol. 11,
pp. 3431-3440.

Fackelmayer, FO., Dahm, K., Renz, A.,, Ram-
sperger, U., and Richter, A., Eur. J. Biochem., 1994,
vol. 221, pp. 749-757.

Fackelmayer, F.O. and Richter, A., Biochim. Biophys.
Acta, 1994, vol. 1217, pp. 232-234.

Kipp, M., Gohring, F., Ostendorp, T., van Drunen, CM.,
van Driel, R., Przybylski, M., and Fackelmayer, F.O.,
Moal. Cell. Bial., 2000, val. 20, pp. 7480-74809.

Renz, A. and Fackelmayer, F.O., Nucleic Acids Res.,
1996, vol. 24, pp. 843-849.

Kipp, M., Schwab, B.L., Przybylski, M., Nicotera, P,
and Fackelmayer, F.O., J. Biol. Chem., 2000, vol. 275,
pp. 5031-5036.

Oesterreich, S., Leeg, A V., Sullivan, T.M., Samuel, SK.,
Davie, JR., and Fuqua, SA., J. Cell Biochem., 1997,
vol. 67, pp. 275-286.

Herrscher, R.F., Kaplan, M.H., Lelsz, D.L., Das, C.,
Scheuermann, R., and Tucker, PW., Genes Dev., 1995,
vol. 9, pp. 3067-3082.

Zong, R.T., Das, C., and Tucker, PW., EMBO J.,
vol. 19, pp. 4123-4133.

Banan, M., Rojas, 1.C., Lee, WH., King, H.L., Har-
riss, J.V., Kobayashi, R., Webb, C.F., and Gottlieb, PD.,
J. Biol. Chem., 1997, vol. 272, pp. 18 440-18 452.
Wang, Z., Goldstein, A., Zong, R.T., Lin, D., Neu-
feld, E.J., Scheuermann, R.H., and Tucker, PW., Moal.
Cell. Biol., 1999, vol. 19, pp. 284—295.

Antes, T.J., Chen, J., Cooper, A.D., and Levy-Wil-
son, B., J. Biol. Chem., 2000, vol. 275, pp. 26649—
26660.

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY

118

119.

120.

121.

122.

123.

124,

125

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

. Chattopadhyay, S., Kaul, R., Charest, A., Housman, D.,
and Chen, J., Genomics, 2000, vol. 68, pp. 93-96.
Meier, I., Phelan, T., Gruissem, W., Spiker, S., and
Schneider, D., Plant Cell, 1996, val. 8, pp. 2105-2115.
Gindullis, F. and Meier, 1., Plant Cell, 1999, val. 11,
pp. 1117-1128.

Morisawa, G., Han-Yama, A., Moda, |., Tamai, A.,
Iwabuchi, M., and Meshi, T., Plant Cell, 2000, vol. 12,
pp. 1903-1916.

Bode, J. and Maass, K., Biochemistry, 1988, val. 27,
pp. 4706-4711.

Dijkwel, PA. and Hamlin, J.L., Mal. Cell. Biol., 1988,
vol. 8, pp. 5398-5409.

Cockerill, PN., Nucleic Acids Res., 1990, vol. 18,
pp. 2643-2648.

Jarman, A.P. and Higgs, D.R., EMBO J., 1988, vol. 7,
pp. 3337-3344.

Mirkovitch, J., Spierer, P, and Laemmli, U.K., J. Mol.
Biol., 1986, vol. 190, pp. 255-258.

Surdgj, P, Got, C., Rosset, R., and Miassod, R., Nucleic
Acids Res., 1990, vol. 18, pp. 3713-3722.

Surdej, P, Brandli, D., and Miassod, R., Biol. Cdll,
1991, vol. 73, pp. 111-120.

Razin, S.V., Petrov, P, and Hancock, R., Proc. Natl.
Acad. Sci. USA, 1991, val. 88, pp. 8515-8519.
Gromova, 1.l., Thomsen, B., and Razin, S.V., Proc.
Natl. Acad. ci. USA, 1995, val. 92, pp. 102-106.
Miassod, R., Razin, S.V., and Hancock, R., Nucleic
Acids Res., 1997, val. 25, pp. 2041-2046.

Avramova, Z., SanMiguel, P, Georgieva, E., and Ben-
netzen, J.L., Plant Cell, 1995, vol. 7, pp. 1667—-1680.
Rallini, P, Namciu, S.J.,, Marsden, M.D., and Fourn-
ier, R.E., Nucleic Acids Res., 1999, val. 27, pp. 3779-
3791

Lander, E.S., Linton, L.M., Birren, B., Nusbaum, C.,
Zody, M.C., Badwin, J., Devon, K., Dewar, K.
Doyle, M., FitzHugh, W., et al., Nature (London), 2001,
vol. 409, pp. 860-921.

Ito, T. and Sakaki, Y., Biochem. Biophys. Res. Com-
mun., 1987, vol. 149, pp. 449-454.

Romig, H., Ruff, J., Fackelmayer, F.O., Patil, M.S,, and
Richter, A., Eur. J. Biochem., 1994, vol. 221, pp. 411—
4109,

Chattopadhyay, S., Whitehurst, C.E., and Chen, J,
J. Biol. Chem., 1998, val. 273, pp. 29 838-29 846.
Zhong, X.P, Carabana, J.,, and Krangel, M.S., Proc.
Natl. Acad. Sci. USA, 1999, val. 96, pp. 11 970-11 975.
Scheuermann, R.H. and Chen, U., Genes Dev., 1989,
vol. 3, pp. 1255-1266.

Forrester, W.C., van Genderen, C., Jenuwein, T., and
Grosschedl, R., Science, 1994, val. 265, pp. 1221-1225.
Jenuwein, T., Forrester, W.C., Fernandez-Herrero, L.A.,
Laible, G., Dull, M., and Grosschedl, R., Nature (Lon-
don), 1997, vol. 385, pp. 269-272.

Forrester, W.C., Fernandez, L.A., and Grosschedl, R.,
Genes Dev., 1999, val. 13, pp. 3003-3014.

Oancea, A.E., Berru, M., and Shulman, M.J., Mol. Cell.
Biol., 1997, val. 17, pp. 2658—-2668.

Fernandez, L.A., Winkler, M., and Grossched!, R., Mol.
Cell. Biol., 2001, vol. 21, pp. 196-208.

Vol. 30

No.1 2004



145.

146.

147.

148.

149.

STRUCTURE AND FUNCTIONS OF NUCLEAR MATRIX 11

Lichtenstein, M., Keini, G., Cedar, H., and Bergman, Y.,
Cell (Cambridge, Mass.), 1994, vol. 76, pp. 913-923.
Roch, FA., Hobi, R., Berchtold, M.W., and Kuen-
Zle, C.C., Nucleic Acids Res., 1997, vol. 25, pp. 2303—
2310.

Betz, A.G., Milstein, C., Gonzalez-Fernandez, A., Pan-
nell, R., Larson, T., and Neuberger, M.S., Cell (Cam-
bridge, Mass.), 1994, vol. 77, pp. 239-248.
Goyenechea, B., Klix, N., Yelamos, J., Williams, G.T.,
Riddell, A., Neuberger, M.S., and Milstein, C., EMBO
J., 1997, val. 16, pp. 3987—3994.

Hale, M.A. and Garrard, W.T., Mol. Immunol., 1998,
vol. 35, pp. 609-620.

150.

151.

152.

153.

154.

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  Vol. 30

Yi, M., Wu, P, Trevorrow, K.W., Cléflin, L., and Gar-
rard, W.T., J. Immunol., 1999, vol. 162, pp. 6029-6039.

Fischer, D.F, van Drunen, C.M., Winkler, G.S., van de
Putte, P, and Backendorf, C., Nucleic Acids Res., 1998,
vol. 26, pp. 5288-5294.

Li, Q. and Peterson, K.R., Trends Genet., 1999, val. 15,
pp. 403-408.

Porter, S.D., Hu, J., and Gilks, C.B., Dev. Genet., 1999,
vol. 25, pp. 40-48.

Dang, Q., Walker, D., Taylor, S., Allan, C., Chin, P,
Fan, J., and Taylor, J., J. Biol. Chem., 1995, vol. 270,
pp. 22577-22585.

No. 1 2004



