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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].
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Three levels of DNA compaction in the interphase

nucleus are usually 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 are three 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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Abbreviations: ARBP, attachment region binding protein; LAS,
loop attachment site; LIS, lithium 3,5-diiodosalicylate; LTR, long
terminal repeat; MAR, SAR, and S/MAR, matrix (scaffold) asso-
ciated region; nmDNA, nuclear matrix DNA; MRS, MAR/SAR
recognition signature; SAF-A and SAF-B, scaffold attachment
factors A and B; and SATB, special AT-rich sequence-binding
protein.

 

(domains) attached by their bases to the protein compo-
nent of nuclear envelope [1, 10–12]. This level 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 a small 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 I and subsequent
removal of the major part of intranuclear proteins and
DNA by washing with a buffer containing 2 M NaCl.

An alternative 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 proteins is
removed under milder conditions, i.e., by washing of
isolated cell nuclei 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 components is characteristic of nuclear
matrix: residual nuclear lamina with pore complexes, a
residual nucleolus, and a fibrillar-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 cells are lyzed under
the conditions close to physiological, and the cell lyzate
immobilized in agarose gel is treated with DNase I 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.

Metaphase 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 is that a redis-
tribution and capture of some 

 

in vivo

 

 extrinsic DNA
fragments is possible during the process of nuclear
matrix isolation. The further analysis does not 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 a wide use probably due to its complexity and
a low reproducibility.

 

S/MAR 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 a specific fraction of the exogenous
DNA fragments to the 

 

in vitro

 

 isolated nuclear matrix
(scaffold) in the presence of a large 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 later
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
MARs, and many authors currently combine these
sequences under the general name of S/MAR elements
or S/MARs [25]. We will also follow this terminology.
The main drawback of the 

 

in vitro

 

 binding method con-
sists in the fact that it is often difficult to prove whether
even the DNA fragments (S/MARs) 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 S/MAR elements.

 

Special Structural Features of nmDNA

 

The analysis of nucleotide sequences of S/MAR ele-
ments, nmDNA, 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 S/MARs groups were found,
and the attempts to classify them were made [25–28].
One of the S/MARs characteristics is their enrichment
with AT pairs [15, 27, 29, 30]. The motifs of A box
(

 

ÄÄíÄÄÄ

 

í

 

/

 

ë

 

ÄÄÄ

 

), T box (

 

íí

 

Ä

 

/

 

T

 

T

 

T

 

/

 

A

 

TT

 

T

 

/

 

A

 

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 S/MAR
elements. The tendency of AT-enriched sequences to
conformational transitions under the torsional stress led
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 S/MAR element, which
increases its affinity to nuclear matrix [36].

Many S/MAR 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
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specific proteins can bind [38]. S/MARs also contain
potential regions of triplex formation [27] and direct
repeats [39]. Some authors noticed DNA bends in the
regions of their interaction with nuclear matrix [40, 41].

In many cases, the cleavage sites for topoisomerase
II 

 

GTN

 

A

 

/

 

T

 

A

 

G

 

/

 

T

 

ATTNATNN

 

A

 

/

 

G

 

 were found inside the
AT-rich regions of S/MARs elements [23, 31], and it
was also shown that topoisomerase II is actually bound
to them [42, 43]. Topoisomerase I, whose cleavage site
also belongs to AT-enriched regions (

 

AAAAAGACT-
T

 

↓

 

AGAAAAATT

 

) [44], is indirectly bound to matrix,
via the actively transcribed sequences, to which both
nuclear matrix and topoisomerase I have increased
affinities [27].

The efforts to search for the consensus sequences
for S/MAR 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, it is far from all of the
known S/MAR elements that have the MRS sequences.
It is presumed that the S/MAR 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 sites inclined to bending, rather
than by the similarities in the S/MAR sequences them-
selves [46].

On the basis of common properties of S/MARs, sev-
eral computer programs were developed for the their
search; these took into account some characteristic
motifs of S/MAR elements [47–49]. The usefulness of
these programs for the search for S/MARs 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 S/MAR ele-
ments (S/MARt DB) contains less than 400 S/MAR
elements, and the precise position of the most of them
in genome is unknown [50].

Thus, the most characteristic structural features of
animal and plant S/MAR 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
II.

At the same time, it should be noted that a consider-
able part of identified S/MARs 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/MARS FUNCTIONS

 

Formation of Loop Domains

 

The main function ascribed to S/MARs 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 S/MARs in 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
hypothesis was proposed that relates the size of the loop
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 I have from 3000 to 14000 bp in length) [59].
Unlike these short loops, more extended domains con-
tain genes that are transcribed 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 development
[61]. The fibroblast transformation by SV40 virus also
results in the change of the domain length and the dis-
tribution of matrix-associated DNA fragments [62]. A
striking example of tissue specificity is the S/MAR ele-
ment binding to nuclear matrix only after the activation
of T cells [63].

It was shown that a new S/MAR element was
formed after heat shock in the region of the promoter of
heat-shock protein gene (murine 

 

hsp70

 

). This element
changes the domain organization and induces expres-
sion of this gene that plays a key role in 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'-S/MAR element is
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stabilized and an additional S/MAR element at the 3'-
end of the adenosine deaminase gene is formed [65].

Tissue specific S/MARs were also 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 domain is
bordered from 3'- and 5'-ends with two S/MAR ele-
ments. The third (proximal) S/MAR element was found
in this domain; it is bound to the matrix only in liver
cells (HepG2), where the 

 

apoB

 

 gene is 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 S/MAR
elements of 

 

apoB

 

 gene display an insulator function
and have no enhancer activity [67, 68]. In addition, the
S/MAR 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 data led to the conclusion that S/MARs could
be subdivided into two types [70, 71]. The S/MAR 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 domains irrespective of the tissue type,
cell, and the stage of cell cycle. The S/MAR 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. The informa-
tion on the tissue-specific character of the S/MARs-rec-
ognizing protein expression (see below) also supports
this hypothesis in 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 genome regions
and, in this manner, designate the presumed boundaries
of chromatin domains. The idea of independent
domains got a new impulse after S/MARs 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 genomes in cultures and
into transgenic organisms is generally unpredictable
and depends on the integration site. It was shown that
the presence of S/MARs 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 

 

β

 

-inter-
feron gene together with S/MARs surrounding it 20–
30-fold increases the level of its transcription in com-
parison with the construct lacking S/MARs [77]. In the
most cases, such effects are observed only at a stable

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 S/MARs and insulator activi-
ties [83–85] at least 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 S/MARs effect
on transcription involves methylation. If S/MAR from
human 

 

β

 

-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 element, LTR is substantially methylated and
the reporter gene is not expressed. This fact directly
confirms that S/MAR 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 S/MARs in transgenosis and gene
therapy [89].

 

S/MARs as Integration Sites
for Retroviral Vectors

 

The insertion of reporter genes into the genome of
cultured cells by means of a retroviral vector using the
method ensuring the single copy insertion was found to
happen into the regions capable of binding to nuclear
matrix 

 

in vitro

 

 (S/MARs) and surrounded by DNA
prone to bending in all the examined transformants [36,
51]. These S/MARs had atypical sequences: they were
devoid of extended AT-enriched regions and, on the
contrary, were enriched with CA/TG and AG/CT pairs.

 

S/MARs 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-Ia (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 S/MAR [57, 93]. It is possible that the
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presence of S/MARs can also be a characteristic feature
of other retroposons. The transposition of S/MARs
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 S/MARS

The S/MARs binding to nuclear matrix appears to
occur through the nuclear matrix proteins that can rec-
ognize and tightly bind S/MARs 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
S/MAR elements, which contain A, T, and C-enriched
regions in one of their nucleotide strands and have
potentially low-melting BUR regions. This protein was
shown to contain a 150-aa site that displays the
S/MAR-binding properties of the total protein along
with a new 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 the transcriptional level of genes surrounded with
AT-rich sequences lacking properties of S/MARs [97].
Experiments on the mouse lines containing inactivated
SATB1 gene revealed numerous defects in the develop-
ment of T cells and considerable changes in expression
levels of various genes [98]. Protein p114 from the car-
cinoma cells of mammary gland (SK-BR-30) displays
similar properties. Interestingly, no S/MAR-binding
activity of p114 was found in the cell culture of normal
mammary gland [99].

The protein ARBP is cooperatively and specifically
bound to S/MARs from the locus of the chicken
lysozyme gene, as well as to mouse, fruit fly, and
human S/MARs. 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 S/MAR
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 S/MAR ele-
ments. The deacetylase is supposed to affect S/MAR
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

 

κ

 

-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 the ARBP 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 is involved 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 protein is prone to the formation of homopolymers 

 

in
vitro

 

. One molecule of the protein was shown to bind
S/MARs poorly, and only a simultaneous interaction of
several molecules led to the powerful and strictly spe-
cific binding. The primary structure of SAF-A reflects
its dual function. Its 

 

ë

 

-terminal domain binds RNA and
single-stranded DNA, whereas its 45-aa site at 

 

N

 

-termi-
nus called SAF-box is responsible for the S/MARs
binding [109]. The SAF-box is present in many eukary-
otic proteins, and at least some of these proteins can
also bind S/MARs. For example, SAF-box contains the
SAF-B protein binding to S/MAR 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 S/MARs [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 S/MAR 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/CDP is mediated by the S/MARs that sur-
round the enhancer. The activity of Cux/CDP allows to
Wang 

 

et al

 

. to regard it as an antagonist of Bright pro-
tein [116]. The study of transcription regulation of the
human 

 

CYP7A1

 

 gene (cholesterol-

 

7

 

α

 

 hydroxylase) is
another example supporting the hypothesis that CDP is
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a transcriptional repressor directly interacting with
intron S/MARs [117].

Recently, another S/MARs binding protein,
SMAR1, was identified [118]; it has common binding
sites and some common structural properties with
SATB1, Cux/CDP, and Bright proteins.

Some plant proteins can also bind S/MARs specifi-
cally. 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, S/MARs should flank certain genes or gene
groups and form an independently regulated unit with a
definite structure and function [66, 122]. Several
attempts were made to localize S/MARs on genomic
sequences in order to test this hypothesis. However, the
accuracy of these attempts was limited due to a rather
large sizes of the S/MAR-containing fragments, which
were formed after hydrolysis with the restriction endo-
nucleases (up to 10000 bp), whose lengths were sub-
stantially larger than the estimated lengths of S/MARs
[27]. Therefore, one could only state in most cases that
the identified S/MAR 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/MARs 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 a 200-kbp locus containing the genes of con-
stant regions of murine immunoglobulin heavy chains
[124], and eight S/MAR elements were mapped in the
90-kbp locus of human 

 

β

 

-globin genes [125].

Nevertheless, several S/MARs were mapped on the
320-kbp fruit fly genome region containing a number 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 S/MARs (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 

 

S/MARs), 44 in a fraction of the
cells, and the remaining only in single cells. 

 

Strong

 

S/MARs were located 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 II 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 II in the presence
of epipodophyllotoxin VM-26, an inhibitor of the
topoisomerase ligase activity. Under these conditions,
the topoisomerase-catalyzed reaction inserts double-
stranded breaks into the DNA molecule, which leads to
a set of DNA fragments, whose ends are determined by
topoisomerase-induced cleavage sites and are close to
the loop bases. This method 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

 

S/MAR element [56, 130, 131].
Later a reconstruction of the domain structure of

human 9p21-22 locus containing a gene cluster of type
I interferons was attempted. It was found 36 S/MAR
elements; 29 of them displayed high and seven a weak
binding activities toward nuclear matrix. The interferon
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 S/MAR elements [59].

An analysis 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 S/MARs
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 S/MAR elements were found. One of them was
localized 16 kbp downstream the beginning of 

 

α

 

-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 S/MAR elements
implies that the 

 

α

 

-1

 

-antitrypsin and ATR genes are sit-
uated in the same 50-kbp long chromatin domain sepa-
rated from 

 

CBG

 

 by two S/MAR elements. Two other
S/MARs are localized 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 S/MARs in human genome is
estimated as approximately 30 000; in plant genomes,
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this number seems to 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 a large num-
ber of potential S/MARs should be constructed. The
exact S/MARs localization requires that an average size
of fragments in a library 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 S/MAR element [21]. In the LAS
clone library [18], only 41% of unique sequences were
affine to nuclear matrix. The tobacco S/MARs 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 S/MARs by definition. It is
reasonable that the quality of the obtained clone librar-
ies does not allow the direct mapping of sequences they
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 S/MARs. 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 S/MAR elements were exactly mapped. The locus is
situated between D19S208 and COX7A1 markers and
contains 22 identified genes. Eleven intergene S/MARs
divide the locus into ten domains of six to 272 kbp long
with an average length of 88 kbp. Another five S/MARs
were found in introns of the known genes (see below).
Some correlation was observed for the tissue specifici-
ties of expression of genes involved in one and the same
domain.

Intron S/MARs

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,

such S/MARs were found in the genes of murine immu-
noglobulin light and heavy chains [23, 29], rat α2-mac-
roglobulin [135], human topoisomerase I [136], and
some other genes [54].

It was found that S/MARs are closely associated
with intron enhancers of genes of immunoglobulin
heavy [29] and κ-light chains [23] and the genes of β-
í-cellular receptor [118, 137] and δ-í-cellular receptor
[138]. The intron enhancer of immunoglobulin heavy
chains is flanked with S/MAR elements from both
sides. These S/MARs 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 S/MARs are also necessary for
demethylation of regulatory sites and activation of
immunoglobulin κ-chains in B cells [145].

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

S/MARs 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. S/MAR elements
belong to a new class of cis regulatory elements, Locus
Control Regions (LCTs), which are the DNA fragments
that enhance and maintain the expression of the gene
under control after integration into another genome
[152]. It was noticed that S/MARs 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 S/MARs functioning at
the level of single genes and small gene loci report
insufficient data concerning the localization of
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S/MARs in extended genome regions. Actually, there
are virtually no data on the tissue specificity of the
S/MARs binding to nuclear matrix that could help to
elucidate the mechanisms of the large-scale chromatin
structure–activity regulation. The structural basis for
S/MARs binding to nuclear matrix has also 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.
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