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Unitéde Génétique Somatique (URA CNRS 1960), Institut Pasteur, Paris, France

Abstract Eukaryotic chromosomes are ponctuated by specialized DNA sequences (MARs) characterized by their
ability to bind the network of nonhistone proteins that form the nuclear matrix or scaffold. We previously described an
amplifiable cluster of genes with different tissue-specific expression patterns, located on Chinese hamster chromosome
1q. This model is especially appropriate to study the relationships between MARs and transcription units. We show here
that four attachment regions, with sequences exhibiting motifs specific to MARs, are present within the 100 kb of
screened DNA. Three of them are relatively short sequences localized in intergenic regions. The last one extends over
one of the transcription units and contains a region previously identified as a recombination hot spot. Moreover, the
analysis of a DNA sequence extending over some 50 Kb of this region and spanning at least four genes, disclosed a
strikingly sharp change in G 1 C content. This strongly suggests that the studied region contains the boundary of two
isochores. We propose that the frequency and the size of MARs are correlated to their localization in G 1 C rich or poor
domains. J. Cell. Biochem. 67:541–551, 1997. r 1997 Wiley-Liss, Inc.
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The DNA of an eukaryotic cell can accomo-
date a variety of biological processes including
transcription, replication, recombination, and
distribution to daughter cells. The coordination
of these complex functions is achieved by the
operation of a network of regulatory mecha-
nisms, including those operating at the chroma-
tin level. The chromatin is organized in topologi-
cally constrained loops which are believed to be
generated by the binding of specialized se-
quences to a network of nonhistone proteins,
commonly refered to as the nuclear matrix [Be-
reznev and Coffey, 1974] or scaffold [Mirkovitch
et al., 1984]. The attachment regions (MARs)
generally extend over several hundreds of bp.
Although no consensus sequence has emerged,
MARs share several evolutionary conserved se-
quence characteristics and particular struc-
tural features including a narrow minor groove

[Nelson et al., 1987] and a strong potential for
unwinding [Bode et al., 1992; Laemmli et al.,
1992; Probst and Herzog, 1985]. At present,
however, the contribution of these sequences to
the anchorage of chromatin loops is far from
being clear since a recent work established that
only a subset of MARs is localized at the base of
the loops in vivo [Iarovaia et al., 1996].

MARs are considered to be involved in tran-
scriptional control at different levels. In some
cases, as examplified by the chicken lysozyme
[Bonifer et al., 1990; McKnight et al., 1992;
Phi-Van et al., 1990; Stief et al., 1989] and the
human apolipoprotein B loci, regions in which
the chromatin organization switches from an
active to an inactive conformation have been
mapped on both sides of the transcription units,
and found to colocalize with MARs [Levy-
Wilson and Fortier, 1989; Phi-Van and Stratling,
1988]. Constructs containing a gene flanked by
these MARs exhibit a level of expression inde-
pendent of the integration site, both in stable
transfectants [Kalos and Fournier, 1995; Klehr
et al., 1991; Phi-Van et al., 1990; Stief et al.,
1989] and in transgenic animals [Bonifer et al.,
1990; McKnight et al., 1992]. However, it has
been shown more recently that transcriptional
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insulation is achieved by specialized elements
nested within, but separable from, the MAR
regions of the chicken lysozyme gene [Phi-Van
and Stratling, 1996]. In other model systems,
MARs are colocalized with enhancer elements,
a phenomenon described as cohabitation [Gas-
ser and Laemmli, 1987], and some were found
within transcription units. Recent work demon-
strated that the intronic MAR of the immuno-
globulin k gene controls the level of gene expres-
sion but does not protect the transgenes from
position effects [Blasquez et al., 1989; Xu et al.,
1989]. Thus, the involvement of MARs in tran-
scriptionnal insulation is becoming elusive.

The physiological functions of MARs are still
unclear, in part because our current knowledge
of the relationships between the localization of
MARs and the general genome organization
has been built from a relatively small number
of examples: long-range mapping of MARs have
been performed in three genetically defined
chromosomal regions in Drosophila [Brun et
al., 1990; Mirkovitch et al., 1986; Surdej et al.,
1990], and in few gene clusters in chicken [Far-
ache et al., 1990; Razin et al., 1991] and mam-
malian genomes [Cockerill, 1990; Hanson and
Ley, 1992; Jarman and Higgs, 1988]. These
works have shown that the distribution of MARs
relative to the transcription units is highly vari-
able from one cluster to the other. As an ex-
ample, in human cells, the analysis of a 90 Kb
region around the b-globin gene complex dis-
closed at least eight MARs whereas none has
been detected within a 140 Kb region of the
a-globin gene complex [Jarman and Higgs,
1988]. The latter result suggests that the func-
tions of MARs can be either performed by other
types of sequences or are dispensable in some
chromosomal contexts.

We reported previously that mutants resis-
tant to coformycin, which have amplified the
gene encoding adenylate deaminase 2 (AMPD2),
can be selected from the Chinese hamster fibro-
blastic line GMA 32. We showed that several
genes are passively coamplified with the se-
lected one in these mutants. A genetic map of
the amplifiable domain, located on chromosome
1q, has been established and at least seven
genes were identified [Debatisse et al., 1992].
Four of them, the genes encoding the ai3
(GNAİ3) and at2 (GNAT2) subunits of the GTP
binding proteins, the AMPD2 gene and one
member of the gene family encoding the gluta-
thione S-transferases (GSTM ) are clustered in

some 100 kb of cloned DNA, more than 50 Kb of
which are sequenced. The GNAİ3 gene is ubiq-
uitous while the others have a tissue-specific
expression pattern: GNAT2 is transcribed in
retina cells only, AMPD2 in a relatively broad
range of tissues including the fibroblasts used
here, and different members of the GSTM genes
are expressed in different tissues. Our sequenc-
ing data allowed us to precisely map some of
these transcription units [Baron et al., 1996,
1994]. Here we complete the mapping of the
genes and their CpG islands. The analysis of
the G 1 C content of the sequenced region
disclosed a striking change in the G 1 C percent-
age along the studied domain. Because it is well
known that the genomes of vertebrates are
mosaics of isochores, originally identified as
long DNA regions homogeneous in base compo-
sition [Bernardi et al., 1985; Macaya et al.,
1976], our results strongly suggest that the
cluster of genes under study spans the border of
two isochores. We determined the distribution
of MARs in this cluster of functionally unre-
lated genes with different expression patterns.
We observed that MARs belonging to regions
with different G 1 C contents exhibit striking
differences both in their size and in their loca-
tion relative to the genes. Our results strongly
suggest that the functional importance of MARs
largely depends on the overall base composition
of the region in which the genes under study
are embedded.

MATERIALS AND METHODS
Cell Lines and Growth Conditions

Line 42 is a clonal cell population derived
from the lung fibroblastic Chinese hamster
GMA32 line through two steps of selection with
increasing coformycin concentrations. Com-
pared to the wild-type cells, a 15-fold amplifica-
tion of the AMPD2 gene and surrounding se-
quences was disclosed in these cells [Debatisse
et al., 1992]. Cells of line 42 grow as monolayer
in Eagle’s medium supplemented with 10%
horse serum, 2 3 1025 M azaserine, 5 3 1025 M
adenine, 5 3 1025 M uridine, and 5 µg/ml cofor-
mycin, at 37°C in humidified incubator with 8%
CO2 atmosphere.

CpG Island Characterization

Ten µg of DNA were digested with a chosen
restriction enzyme and a 5 µg aliquot of re-
stricted DNA was further digested with 20 units
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of Bst UI for 1 h at 37°. This DNA and the DNA
untreated with Bst UI were run on 0.6% aga-
rose gels and transfered onto Hybond-N mem-
brane (Amersham, Buckinghamshire, UK). The
DNA was cross linked to the membrane by UV
irradiation and probed with cloned fragments
labeled with 32aP-dCTP (3000 Ci/mmol) using
the Ready-to-go kit (Pharmacia, Gaithersburg,
MD). Probes containing repetitive sequences
were annealed with sonicated DNA from
GMA32 cells as previously described [Ardeshir
et al., 1983].

MAR Assay

In a typical experiment, Petri dishes (10 cm
diameter) were each seeded with 5 3 105 cells.
Exponentially growing cells (2–3 3 106 cells/
plate) were collected after 40 h of growth in
regular medium. Nuclear halos were then pre-
pared as previously described [Dijkwell and
Hamlin, 1988] with few modifications. The
plates were washed with 10 ml of cold CWB
buffer (5 mM Tris-HCl pH 7.4; 50 mM KCL;
0.05 mM spermine; 0.125 mM spermidine; 0.5%
thiodiglycol; 0.25 mM PMSF; 0.5 mM EDTA),
the cells were then scrapped off, resuspended in
10 ml of cold CWBD buffer (CWB comple-
mented with 0.05% digitonin; soluble form,
Sigma, St. Louis, MO), and the suspension was
layered over 4 ml of 20% glycerol in cold CWBD
buffer. The nuclei were recovered by centrifuga-
tion at 4°C for 10 min at 2,000 rpm and stabi-
lized 20 min at 4°C in 10 ml of CWB without
EDTA, complemented with 0.003 mM CuSO4.
The suspension was then poured into 90 ml of
LIS buffer (10 mM lithium diiodosalicylate; 100
mM lithium acetate; 0.05% digitonin; 0.05 mM
spermine; 0.125 mM spermidine; 0.25 mM
PMSF; 20 mM HEPES-KOH pH 7.4), incubated
for 10 min at 25°C and the nuclear halos were
collected by centrifugation at 2.500 rpm for 5
min at 4°C. The pellet was washed at least
three times with cold appropriate restriction
buffer. Two classical assays were used: in assay
A, nuclear halos corresponding to 108 cells were
digested overnight with 1,000 units of Sau3AI
in 10 ml of restriction buffer (10 mM Tris-HCl
pH 7.5, 5 mM MgCl2, 100 mM NaCl, 1 mM
2-mercaptoethanol) at 37°C, then 25 µg of
RNAse A were added 30 min before the end of
the incubation. The naked matrices were recov-
ered by centrifugation at 3,000 rpm for 5 min,
and washed at least twice with cold BB buffer
(20 mM KCl; 50 mM NaCl; 2 mM EDTA; 10 mM

Tris-HCl pH 7.4; 0.25 mM PMSF; 100 mM
sucrose; 0.1 mg/ml BSA). Matrices derived from
107 cells were incubated with 20 ng of each
preparation of 32P-end-labeled DNA fragments
[Sambrook et al., 1989] in BB buffer supple-
mented with various concentrations of soni-
cated E. coli competitor DNA, in a final volume
of 200 µl. Binding reactions were carried out for
6–8 h at 37°C, the matrix and bound DNA were
pelleted by centrifugation at 4°C, 13.000 rpm
for 5 min in an Eppendorf centrifuge. The pel-
lets were washed once with BB buffer and incu-
bated overnight at 30°C with proteinase K (1
mg/ml) in PK buffer. Aliquots were directly
loaded on 0.8% agarose gel. The radioactivity of
the dried gels was quantified with the Image-
Quant program (Phosphorimager; Molecular
Dynamics, Sunnyvale, CA) to determine the
percentage of bound fragments. In assay B,
nuclear halos corresponding to 107 cells were
incubated with 1,000 units of restriction en-
zyme(s) in 1 ml of restriction buffer at 37°C for
45 min. Ten µg of RNAse A were added and
incubation was continued for another 45 min.
The loop and the matrix fractions were sepa-
rated by centrifugation at 3.000 rpm for 5 min.
The pellet containing the matrix and bound
DNA was redissolved and incubated at 37°C
with 1 mg/ml of proteinase K in PK buffer (10
mM Tris-HCl pH 8; 1 mM EDTA; 300 mM
NaCl). The DNA of the two fractions was ex-
tracted, ethanol precipitated and redissolved in
TE. Two µg of DNA from the loop and the pellet
fractions were run on 0.6% agarose gels.

Sequencing

Sequence analyses were performed as previ-
ously described [Baron et al., 1994]. The
ATATTT motif, oligo A or T tracts at least 11 bp
long, Drosophila ‘‘in vitro’’ topoisomerase II
cleavage consensus sites (GTNWAYATTNATN-
NR) and the G 1 C percentages of the studied
sequences were searched either with GCG (Pro-
gram Manual for the Wisconsin Package, Ver-
sion 8, September 1994) or DNASIS programs.

RESULTS
Screening for CpG Islands Along 100 Kb of

Cloned Sequence

The previously determined physical map of
the cloned region is represented on Figure 1a.
To complete the analysis of the transcription
units belonging to this gene cluster, we local-
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ized BstUI sensitive sites in the genomic DNA:
this enzyme recognizes and cuts CGCG se-
quences only when the C residues are unmeth-
ylated, a situation mostly encountered in CpG
islands. Four sites were disclosed (Fig. 1b), one
of them corresponding to the previously identi-
fied 58 end of the AMPD2 gene [Baron et al.,
1996]. The leftmost site was identified in a 2 Kb
EcoRI/EcoRI fragment which was partially se-
quenced, a CpG island surrounding a sequence
showing 94% identity with the human GNAI3
exon I was identified. Since we previously
mapped the 38 end of this gene [Baron et al.,
1994], we now establish that the Chinese ham-
ster GNAI3 gene spreads over 33 Kb, on the left
side of the physical map (Fig. 1c). The last two
BstUI sensitive sites were localized on the right
side of the studied region. We analyzed the
sequences surrounding these sites and we found

that the rightmost one maps within a CpG
island associated with the 58 end of a member of
the GSTM gene family. Sequence analysis also
permitted to identify the 38 end of this gene
(Fig. 1c). The sequence surrounding the last
BstUI site was shown to contain also a CpG
island, but significant homology with a function-
ally identified gene was not found. However,
the existence of a DNAse1 hypersensitive sites
(not shown) associated with this unmethylated
CpG island suggests that a gene lies in this
region. Among the transcription units mapped
within the 100 Kb region under study, only the
GNAT2 gene is devoid of a CpG island.

Screening for Nuclear Matrix Attachment Sites

Two ‘‘in vitro’’ assays have been routinely
used to identify sequences which are able to
bind the nuclear matrix. In both cases the nu-

Fig. 1. Gene mapping in the studied locus. E: EcoRI, B: BamHI, X: XbaI, U: BstUI restriction sites. a: Previously
established genetic map along with the EcoRI physical map of the region. b: CpG island (U sites) localization. The
fragments of interest and the corresponding probes (black boxes) are represented below the EcoRI map, the double
arrows localize the CpG islands. *Point to a band resulting from a partial cleavage. c: Limits and sizes of the genes as
determined here.
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clei were isolated, and partially deproteinized
to form nuclear halos (Fig. 2a). In the first
assay, designated below assay A, the DNA asso-
ciated with the halos was extensively digested
(Fig. 2b), and the ability of cloned fragments to
bind the naked matrices was determined. In
the second assay, designated B, the DNA bound
to the matrices (M) was separated from the so
called loop DNA (L) after digestion with restric-
tion enzymes. The two fractions were probed
with cloned fragments to determine in which
fraction segregate the sequences detected by
the probe. The 100 Kb domain was scanned
using these two methods. Figure 3 shows, as an
example, the results obtained with assay A for
the 38 region of the AMPD2 gene. A rough
comparison of lane 0—without competitor
DNA— to the control line containing 1% of the
input mixture of fragments indicates that 1 to
5% of each fragment were bound to the naked
matrices under our experimental conditions. To
estimate the relative affinity of the various
fragments for the nuclear matrix, the binding
reactions were performed in the presence of
increasing concentrations of double-stranded
or single-stranded E. coli competitor DNA, soni-
cated to an average size of 2 kb. The 1.4 kb
XbaI/AvaI and the 1.7 kb XbaI/EcoRI frag-
ments were almost completely displaced with
respectively 100 and 50 µg/ml of double-
stranded and single-stranded competitor DNA,
while the 2.5 kb XbaI/XbaI and especially the
1.1 kb AvaI/XbaI fragments were still tightly
attached at much higher concentrations of ei-
ther competitor. The quantification of the sig-
nals with the ImageQuant program confirms
that the 2.5 kb XbaI/XbaI and the 1.1 kb AvaI/
XbaI fragments have a significant affinity for
the nuclear matrix, the latter fragment beeing
particularly strongly attached. These experi-

ments also show that single-stranded DNA is a
more powerful competitor than double-stranded
DNA.

This assay was used to study 81 fragments
covering the whole 100 kb region under study.
The 1.4 kb XbaI/AvaI and the 1.7 kb XbaI/
EcoRI fragments described above were consid-
ered as negative controls. Thus, residual bind-
ings up to 15% in the presence of 100 µg/ml of
double-stranded competitor DNA or up to 5% in
the presence of either 250 µg/ml of double-
stranded or 50 µg/ml of single-stranded competi-

Fig. 2. Exemples of nuclear halos (a) and naked matrices (b).

Fig. 3. Identification of an attached region close to the 38 end
of the AMPD2 gene with assay A. A: AvaI, E: EcoRI, X: XbaI, X*:
site cut in DNA prepared from hamster cells but not cut, albeit
identified at the sequence level, in plasmid DNA prepared from
the DH5a E. coli strain. This probably reflects differential meth-
ylation patterns in the two organisms and explains the different
XbaI maps presented in Figures 3 and 4. The size and the
localization of the four analyzed fragments (double arrows) are
shown below the physical map of the region. Input: line loaded
with 1% of the initial mixture of fragments added in each
reaction. Left: Competition with increasing concentrations of
single-stranded E. coli DNA. Right: Competition with increasing
concentrations of double-stranded E. coli DNA. The crude
autoradiograms (up) and the graphs derived from the quantifica-
tion of each band, expressed in % of the DNA bound without
competitor DNA (down), are shown. W: 1.1, X: 2.5, x: 1.7, N:
1.4 kb fragments.
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tor DNA were considered as background val-
ues. These values were substracted from each
crude result to construct the histograms pre-
sented in Figure 4a. The binding ability of each
studied fragment in the presence of 100 and
250 µg/ml of double-stranded, or 50 µg/ml of
single-stranded competitor DNA, was plotted
along the physical map of the locus (Fig. 4b).
Four regions, called below A, B, C, and D were
identified. In regions A, B, and C, the analysis
of the binding ability of various overlapping
restriction fragments points to relatively nar-
row MARs, extending over few kb, and lying in

intergenic regions. On the contrary, in region D,
a variety of overlapping fragments, extending
over about 36 kb of contiguous sequence span-
ning the GNAI3 transcription unit, all exhib-
ited some ability to bind the matrix so that the
attachment region cannot be more precisely
defined.

The whole domain was next screened using
assay B. A few results, corresponding to the
analysis of regions previously identified as
MARs and of some control regions, are shown
on Figure 4c. With this assay, not all the regions
are amenable to quantification, essentially be-

Fig. 4. Analysis of the whole region with assays A and B. a:
Results of assay A histograms show the binding ability of the
different fragments under three competition conditions. Back-
ground values were deduced from the crude results as indicated
in the text. b: EcoRI map and localization of other restriction
sites used in this study; A: AvaI, B: BamHI, Bg: BglII, E: EcoRI, Ev:
EcoRV, Hc: HincII, H: HindIII, Hp: HpaI, P: PstI, V: PvuII, Sc:
ScaI, X: XbaI, X*: as in Figure 3. The scale is given above the
map. c: Results of assay B. M: Matrix fraction, L: supernatant
(loop) fraction, (W): fragments preferentially recovered in frac-

tion M. Below the autoradiograms is presented the summary of
the results. The boxes labelled A, B, C, and D indicate the
localization and extent of the MARs, along with the map of the
transcription units. d: sequence analysis. Black line: sequenced
region, grey line: unsequenced region. The horizontal open
boxes represent the attached fragments or regions. The interven-
ing sequences were also studied but the results are not pre-
sented (see text). N: Homopolymeric oligo dA/dT tracts $11 bp,
M: 44 bp alterned dA/dT tract, 3●: ATATTT boxes, >: ‘‘in vitro’’
Drosophila topoisomerase II consensus cleavage sites.

546 Fernandez et al.



cause some fragments are rich in repetitive
sequences and give rise to a high level of back-
ground when used as probes (eventhough prehy-
bridization of the probes with sheared wild type
DNA was routinely performed to remove the
repeated sequences). However, the results are
in good agreement with the conclusions of as-
say A: the very same regions exhibit a signifi-
cant affinity for the nuclear matrix, and the A,
B, and C MARs appear as narrow regions lo-
cated outside the genes while region D extends
largely within the GNAI3 gene.

Sequence Analysis

Sequences of regions A, B, C, and of the
rightmost 8 Kb of region D were determined
and analyzed. The A 1 T richness was calcu-
lated and motifs frequently correlated with
MARs in previous works were searched, in par-
ticular ATATTT boxes [Cockerill and Garrard,
1986; Probst and Herzog, 1985], homopoly-
meric oligo A/T tracts [Adachi et al., 1989; Käs
et al., 1989], and sequences related to the ‘‘in
vitro’’ Drosophila topoisomerase II consensus
cleavage site [Adachi et al., 1989; Cockerill and
Garrard, 1986; Gasser and Laemmli, 1987]. In
the latter case, only the sequences presenting
100% identity with the underlined core se-
quence (GTNWAYATTNATNNR) and at least
12/15 bp matches with the consensus site were
considered. Figure 4d shows a summary of our
results. MAR A maps within a 3.2 kb BamHI/
HindIII fragment which encompasses eight sub-
regions of 28 to 45 bp each, with an A 1 T
content comprised between 79 and 90%. Within
these subregions, three TATATTT motifs, four
topoisomerase II consensus sites and a 12 bp
long homopolymeric oligo A/T tract were found.
In region B, two 150 bp subregions 73% and
81% A 1 T rich were found in the 1.1 kb AvaI/
XbaI fragment which has a strong binding po-
tential (Fig. 3). Each of them contains a 11 bp
homopolymeric A/T tract and one encompasses
a 44 bp long alterned A 1 T motif, two ATATTT
boxes and a topoisomerase II consensus site. In
region C, two subregions with sequence charac-
teristics of MARs are present within the attach-
ment prone 2.5 kb HindIII/BamHI fragment.
The first one contains a 62% A 1 T rich 350 bp
long region in which a 27 bp homopolymeric A/T
tract, three topoisomerase II sites and an
ATATTT box were disclosed. The second one is a
67% A 1 T rich 300 bp long sequence containing
a 11 bp homopolymeric A/T tract, two ATATTT

motifs and two topoisomerase II consensus sites.
Region D is not completely sequenced at that
time, but numerous 100 to 300 bp sequences
with an A 1 T content of 65 to 73% were
identified all along the 8 kb of available se-
quence (which have an overall 60% A 1 T rich-
ness). On the left part of this sequenced region,
six topoisomerase II consensus sites, five
ATATTT boxes, and four homopolymeric A/T
tracts respectively 12, 15, 16, and 17 bp long
are present. The right part of the sequenced
region, which overlaps the 38 end of the GNAI3
gene, is devoid of purine tracts but contains 21
topoisomerase II consensus sites and 7 ATATTT
boxes. The same analysis was performed for the
available sequence in control regions; some of
these motifs were found unfrequently and dis-
persed in subregions which are not highly en-
riched in A 1 T. For example, only two homo-
polymeric A/T tracts were found along some 43
Kb of sequence lying between the MARs while
nine such motifs were identified within 14 Kb of
analysed sequence in the MAR regions (not
shown).

This sequence analysis suggested that some
discontinuity in the global base composition
may exist along the studied domain. To confirm
these preliminary informations, we performed
a compositional mapping of the genes which are
completely or partially sequenced. We found an
average G 1 C content of 39%, 44%, 54%, and
53%, respectively in the GNAI3, GNAT2,
AMPD2, and the GSTM genes. Such base com-
positions suggest that the left part of the stud-
ied region lies in a G 1 C poor isochore while
the subregion located on the right of the map
belongs to a G 1 C rich isochore [Bernardi,
1995]. These observations were extended to the
analysis of the G 1 C richness within coding
sequences, at the third codon position: because
the third position is not under a stringent cod-
ing pressure, it tends to reflect the base compo-
sition of the region in which the gene is nested.
This analysis allowed us to take into account
the gene encoding the z subunit of the protea-
some for which the coding, but not the genomic
sequence is available. The gene coding the z
subunit of the proteasome was identified by
comparing the partial sequence of a 750 bp
hamster cDNA clone to the sequences deposited
in the Genome Data Base (GDB) sequence li-
brary. A high level of homology was found with
the human PSMA5 gene and the rat homologue
(unpublished results). In Chinese hamster ge-
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nome, we previously mapped this gene on the
left side of the GNAI3 gene, outside the 100 Kb
region described here [Debatisse et al., 1986].
Recently, we showed that the clustering and the
order of this group of genes is conserved in the
human genome [Mayau et al., submitted]. The
analysis of the sequences determined here and
in previous work, or deposited in the data bases,
allowed us to compare the G 1 C content of
these genes in man and Chinese hamster (Fig.
5). Very similar compositional characteristics
were found in the two species. Moreover, the
analysis of the G 1 C content of 10 genes
belonging to this cluster confirms the existence
of a strong fluctuation in the base composition
of the studied locus, and suggests an assign-
ment of the genes located on the left and on the
right side of the GNAT2-AMPD2 region to a L2
or H1 isochore and to an H3 isochore, respec-
tively.

DISCUSSION

The clustering of functionally unrelated genes
in the region under study offers an interesting
model to investigate the functional aspects of
chromatin organization. Moreover, the availabil-
ity of amplified mutants gives a unique tool to
analyze those processes which are difficult to

study in single copy regions. For example, am-
plification has proved useful to study the repli-
cation pattern in the DHFR amplicon [Dijkwell
and Hamlin, 1988], and in the present gene
cluster [Toledo et al., submitted]. Thus, our
model system should help to elucidate the rela-
tionships between transcription and replica-
tion units in mammalian cells, and to correlate
these functional units to the MARs and to larger
chromosomal domains such as isochores.

Four MARs were identified in the analyzed
chromosomal locus. Among them, the A, B, and
C regions have rather similar properties, includ-
ing intergenic localization and relatively small
sizes. Suprisingly, sequence D spans the whole
GNAI3 gene and overlaps part of the GNAI3-
GNAT2 intergenic region (Fig. 4). We compared
the efficiency of E. coli single-stranded or
double-stranded DNA to compete with different
fragments for matrix attachment. We found
that an efficient competition can be achieved
with either competitor (Figs. 3, 4) as previously
shown in other systems [Kay and Bode, 1994;
Luderus et al., 1994]. For all studied frag-
ments, we observed that single-stranded DNA
is a better competitor than double-stranded
DNA, a property previously reported for the
binding of MARs to lamins [Luderus et al.,

Fig. 5. Base composition along the region. A compilation of the G 1 C content (in %) of the third codon position of
human (Q) and/or Chinese hamster (N) cDNAs is presented along with a map of nine studied genes. The distances
between the genes below the diagram are arbitrary.
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1994]. Thus, with these two types of competi-
tors, the four MARs analyzed here behave like
the MARs described in other systems. More-
over in each region, A 1 T rich sequences and
clustering of characteristic motifs have been
found (Fig. 4d). However, because of the un-
usual properties of region D, it may be asked
whether ‘‘in vitro’’ binding of such sequences
has a physiological significance or wether it
reflects a binding ability common to any A 1 T
rich sequence under these experimental condi-
tions. Four lines of evidence support the first
hypothesis: 1°) the general A 1 T content of
MARs A, B, and C is comparable to the one of
the GNAT2 gene, the tested fragments of which
were never found associated with the matrix.
This clearly indicates that the general A 1 T
richness per se is not responsible for the affinity
of a DNA sequence for the nuclear matrix 2°)
the sequenced part of region D contains mul-
tiple motifs characteristic of MARs. Even in
this 60% A 1 T rich context, the probability to
find at random several 12 to 17 bp long homo-
polymeric oligo A/T tracts clustered in some 4
Kb of sequence is extremely low 3°) the compari-
son of the sequenced part of region D to the
equivalent region of the human genome shows
that homopolymericA/T tracts, several ATATTT
boxes and Drosophila topoisomerase II consen-
sus sites are present, like in hamster gene, in
human intron 7 and noncoding exon 9. Such a
conservation in noncoding sequences strongly
suggests that these motifs are selected for be-
cause they have a physiological role 4°) Sperry
et al. [1989] have shown that some MARs are
recombination prone ‘‘in vivo,’’ and suggested
that the recombination events could be initi-
ated by double strand-breaks resulting from a
dysfunction of topoisomerase II. It is striking
that a recombination hot spot has been previ-
ously identified in region D [Hyrien et al., 1986].
This property further supports the idea that
region D does behave as a MAR ‘‘in vivo.’’

Our analysis strongly suggests that the gene
cluster under study overlaps an isochore bound-
ary. This conclusion is based on the G 1 C
content of both the available genomic and cDNA
sequences. The comparison of the human and
Chinese hamster sequences at this locus dis-
closed a remarquable similarity in the global
base composition of the genes in the two spe-
cies. This is rather unexpected since the ge-
nome of rodents are generally more G 1 C rich
than the genome of primates [Bernardi, 1995].

Our results indicate that Chinese hamster, as
previously shown for the guinea pig, represents
an exception among the rodents. The GNAI3
gene belongs to a G 1 C poor isochore and its
own G 1 C content is particularly low (Fig. 5).
This situation is unusual since genes are not
distributed at random among the different iso-
chore families: gene concentration is low in G 1
C poor isochores, increases with increasing G 1
C richness, and reaches a maximum within the
very G 1 C rich H3 isochores [Bernardi, 1995;
Gardiner, 1996]. This seems specially true in
the case of house-keeping genes, which are
mostly confined to the H3 isochores. The special
base composition of the GNAI3 gene could re-
quire specific features to establish and/or to
maintain a transcription competent chromatin
state since histone H1, which has been shown
to be involved in transcription silencing [Gar-
rard, 1991], binds preferentially to A 1 T rich
DNA. MARs are A 1 T rich regions, containing
homopolymeric dA/dT tracts which have a par-
ticularly high affinity for histone H1. However,
it has been proposed that histone H1 is specifi-
cally titrated by proteins like HMG-I/Y when
bound to homopolymeric dA/dT tracts. A shift
toward the open chromatin state would be initi-
ated from these sequences and may spread
along the chromatin fiber [Käs et al., 1993;
Zhao et al., 1993]. We propose that the exis-
tence of a large CpG island at the 58 end of the
GNAI3 gene, a type of sequence for which his-
tone H1 has weak affinity, is not sufficient to
open the chromatin along this 33 kb long gene
in such an A 1 T rich context. The presence of a
MAR extending all along the gene could be
required to reach a transcription competent
state in this case. On the contrary, a situation
relatively favorable for chromatin opening is
encountered in the AMPD2 and the GSTM
genes which exhibit some 70% G 1 C at the
third codon position and have their 58 end em-
bedded in a CpG island. Our experiments dis-
closed short MARs between but not within the
transcription units in these cases.

We analyzed sequences available in the data
bases to determine the base composition of genes
localized within the human b globin gene clus-
ter, in which at least eight MARs were found
between and within the genes [Jarman and
Higgs, 1988]. We found that these genes are
66% G 1 C rich at the third codon position, a
base composition which represents, like the
MARs distribution, an intermediate situation
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between the GNAI3 domain and the AMPD2 or
GSTM domains. No MARs have been found in
the a globin gene cluster [Jarman and Higgs,
1988], the a, u, and z genes of which have each a
CpG island and a G 1 C content at the third
codon position comprised between 89 and 95%.
Together, these two features could be sufficient
to leave the domain essentially free of histone
H1 and the chromatin in an open conformation
even in cells in which the genes are not ex-
pressed, making MARs dispensable in this clus-
ter. Thus, the a globin genes could illustrate an
extreme situation just opposite to the one de-
scribed here for the GNAI3 gene. These analy-
ses suggest that the size and the distribution of
MARs in a chromosomal domain essentially
depend on the base composition of the chromo-
somal context—the isochore—and that these
sequences are mainly involved in the establish-
ment of a transcription competent state of the
chromatin.
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