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Although it is generally accepted that the chromosome is divided into elementary
subunits, the structural and functional domains, the organisation of these structures
at the molecular level is not well understood. In particular, the domain boundaries are
not easily identifiable. Several possible candidates such as MARs/SARs, insulitors,
LCRs, palindromic sequences, or easily melting sequences have been found in the
regions having properties one would except for boundaries. None of these elements,
however, has been found in all of the constructs functioning as boundaries in tests in
vivo. Recent work suggests that the common denominator might be the presence of
GC-rich oligonucleotide streches and the formation of the chromatin hypersensitive
sites. A model is discussed in which “unusual” structures, in particular the
four-stranded DNA sequence elements containing unpaired bases, play the role of

domain boundaries.

DNA in eucaryotic chromosomes is organised
into structural and functional domains several
dozens kilobases long. The structural chromo-
somal domains have been identified as DNA
loops observed by electron microscopy upon
extraction of the soluble chromosomal proteins
[1]. Boundaries of these loops contain the Ma-
trix Associated Regions or Scaffold-Attach-
ment Regions (MARS 6r SARs, respectively (2,
3]. The transcriptional domains of tissue spe-
cific genes consist of segments of DN A carrying
one or more genes and their regulatory sequen-
ces. The copy number-related and develop-
mentally regulated expression of genes in these
domains depends on several kilobases long

Locus Control Regions (LCR) [4]. An LCR con-
tains the sequence elements responsible for in-
sulation of the domain from the influence of the
neighbour domains [5] and can be considered
its boundary. The boundaries of transcriptional
domains of housekeeping genes are probably
located within the genomic regions of high GC
content called CpG islands (the CpG dinucleo-
tides are unusually abundant in these regions
[6]). Replication of eucaryotic DNA occurs also
by domains, the replicons, containing one or
several origins of replication and flanked by
zones of arrest of replication [7]. The existence
of DNA repair domains has also been sug-
gested [8] but boundaries of these domains in
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the eucaryotic organisms are unknown as op-
possed to E. coli. The structure and function of
the boundaries of repair domains have been
well characterised in this organism [9]. Euca-
ryotic genomes may also be considered to be
mosaics of recombinational domains, with the
hot spots of recombination representing their
boundaries. The structure of some of these hot
spots has been studied in detail in yeast [10, 11].

The attempts of identification and charac-
terisation of the boundaries of chromosomal
domains involved identification of the regions
forming strong complexes with nuclear matrix
proteins. These regions are supposedly located
at the base of the DNA loops. The localisation
experiments produce usually complex patterns
of DNA regions interactiong with the matrix.
Some of these regions are not related to the
anchorage of the DNA loops but rather repre-
sent the DNA undergoing replication or tran-
scription. To avoid these artefacts new
techniques of mapping are being developed in
several laboratories, based on the properties of
the domain boundaries other than the DNA
protein complex formation.

Treatment of mammalian cells or nuclei with
topoisomerase Il inhibitors or with agents
stimulating endogenous nucleases brings
about fragmentation of DNA into large mole-
cules approximately 50 kb long [12]. DNA
molecules of similar size are also released from
the nuclei at the early stages of apoptosis. These
findings suggested that (a) strong toposites and
hypersensitive sites (HSS) are relatively regu-
larly distributed in the chromatin fibre and (b)
the spacing between these sites is in the range
of chromosomal domains. Razin and collabor-
ators [13, 14] used this property to map the
hypersensitive sites and toposites in multi-
copy genes present in mammalian cells in the
form of several hundred kilobases long repeti-
tive DNA regions. They have mapped HSS,
toposites and nuclease S1 sensitive sites in the
region carrying ribosomal genes and in the c-
myc amplicon. Typically they obtained in these
experiments (which involved pulse field gel
electrophoresis and indirect end-labelling) lad-
ders of bands corresponding to DNA loops and
to their multimers excised at the matrix attach-
ment regions. This technique has been recently
successfully applied to the mapping of the
chromosomal loops in a 800 kb long, single
copy region in the genome of Drosophila mela-

nogaster [15]. Sensitivity of this technique is,
however, not high enough to allow the long
range mapping of HSS or toposites in single
copy regions in mammalian cell nuclei.

In order to overcome this problem we deter-
mined the hypersensitive sites in the chromatin
assembled in vivo on segments of human DNA
cloned as yeast artificial chromosomes (YACs).
The HSS observed in the DNA segments stu-
died were distributed with an average spacing
of about 35 kb [16]. Separately we mapped the
CGCQG tetranucleotides in the same YACs using
a restriction enzyme. The CGCG tetranucleo-
tides are relatively rare in mammalian genomes
except for the region rich in GC content. They
are particularly overrepresented in CpG is-
lands [17]. It appeared that the CGCG clusters
are also distributed relatively regularly within
the chromosomal segments studied [18]. Most
of them were coincident with the HSSs in the
studied region of the human chromosome.

The coincidence of the pattern of CGCG with
the pattern of hypersensitivity suggests thatin
vertebrates, similarly as in bacteria [19], the
long range compositional pattern of DNA com-
position correlates with functional features of
genomes. In addition, it suggests that the boun-
daries of the chromosomal domains might be
located within the GC rich genomic regions.
These regions are characterised by the
presence of G-rich oligonucleotides which are
able to form “unusual” DNA secondary struc-
tures, in particular the four-stranded structures
(4G) [20-22]. The presence of such structures
has been proposed to explain the properties of
eucaryotic telomers [23]. It has also been sug-
gested that the CG-rich DN A segments contain-
ing the sequence elements which are able to
form the 4G structures are distributed peri-
odically along the eucaryotic chromosomes.
Such a distribution may facilitate recognition
and alignment of the homologous chromo-
somes during meiosis [24]. These elements
might form the domain boundaries also in mi-
totic chromosomes (see Fig. 1). There are sev-
eral observations suggesting such a possibility.
The sequence elements capable of forming the
four stranded structures are involved in the
maintenance of CpG dinucleotides in un-
methylated state in a CpG island [25]. Similar
sequence elements are responsible for arrest of
DNA replication [26] and have been found in
the hot spots of recombination [27]. The GC-
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Fig. 1. Model of chromosomal higher order struc-
tures with the four-stranded (4G) sequence elements
as boundaries of the chromosomal domains.

A, Example of a 4G structure; B, segment of a chromoso-
mal rosette; ss, DNA single-stranded regions; 4G, four
stranded structures at the domain boundaries.

rich sequence elements are recognised by to-
poisomerase Il in the satellite I1I [28], react with
specific protein in yeast [29], and have an af-
finity to the matrix [30]. The four-stranded
structures are accompanied by single-stranded
portions of DNA which are hypersensitive to
DNase 1 and to nuclease S1. The four-stranded
structures fulfill thus requirements for the do-
main boundaries and are good candidates for
organising DNA into metaphase chromosomes.
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