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A dynamic change in the organization of different gene domains transcribed by RNA polymerase I, II, or III
occurs during the progression from quiescent [pre-midblastula transition (pre-MBT)] to active (post-MBT)
embryos during Xenopus development. In the rDNA, c-myc, and somatic 5S gene domains, a transition from
random to specific anchorage to the nuclear matrix occurs when chromatin domains become active. The
keratin gene domain was also randomly associated to the nuclear matrix before MBT, whereas a defined
attachment site was found in keratinocytes. In agreement with this specification, ligation-mediated (LM)-PCR
genomic footprinting carried out on the subpopulation of 5S domains specifically attached to the matrix
reveals the hallmarks of determined chromatin after the midblastula transition. In contrast, the same analysis
performed on the total 5S gene population does not reveal specific chromatin organization, validating the use
of nuclear matrix fractionation to unveil active chromatin domains. These data provide a means for the
determination of active chromosomal territories in the embryo and emphasize the role of nuclear architecture
in regulated gene expression during development.
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The extensive characterization of genes and proteins
that regulate gene expression through interaction with
DNA has permitted the understanding of how a tran-
scription complex is built and revealed the role of chro-
matin as an essential part of gene regulation. Several
independent approaches have also revealed the dynamic
aspect of this regulation and allowed the re-emergence
and re-analysis of the role of nuclear architecture on gene
expression (for review, see Vermaak and Wolffe 1998).
One level of nuclear architecture that contributes to this
regulation is an underlying nonhistone nucleoprotein
structure called scaffold, or the nuclear matrix (Berezney
and Coffey 1975; Paulson and Laemmli 1977; Cockerill
and Garrard 1986). Active replication and transcription
sites have been observed clustered in this nuclear struc-
ture which delimits spatially and temporally defined ter-
ritories in the nucleus (for review, see Laemmli et al.
1992; Berezney et al. 1995).

This underlying nuclear organization is not thor-
oughly characterized at the biochemical level, but DNA
elements called scaffold or matrix-associated regions
(SARs or MARs) that permit the attachment of the DNA
loop domains to the matrix have been defined (Paulson
and Laemmli 1977; Vogelstein et al. 1980; Mirkovitch et

al. 1984). These elements are frequently associated with
enhancer elements (Gasser and Laemmli 1986) and can
increase the activity of those enhancer elements. They
can also protect genes from position effects by acting as
boundary elements (Grosveld et al. 1987; Jarman and
Higgs 1988; Scheuermann and Chen 1989; Stief et al.
1989; Forrester et al. 1994; Zong and Scheuermann 1995;
Jenuwein et al. 1997).

An unresolved issue at this time is whether the distri-
bution of attachment sites is stable or may change in
relation to specific programs of transcription during de-
velopment. SARs associated with enhancer elements of
three developmentally regulated genes in Drosophila
were found in both embryonic and adult cells (Gasser
and Laemmli 1986), and in the hsp70 heat-shock gene
cluster the same attachment sites were found in both
control and heat-shocked Drosophila cells (Mirkovitch
et al. 1984). Xenopus development provides an interest-
ing model for testing transitions in gene expression dur-
ing development that could be associated with a change
in the organization of genomic domains. During twelve
divisions after fertilization, the embryonic genome is
transcriptionally quiescent. The onset of transcription
occurs at the thirteenth cell cycle and defines the mid-
blastula transition or MBT (Newport and Kirschner
1982).

Here, we investigated whether activation of zygotic
transcription after the MBT was structurally associated
to the specification of nuclear matrix attachment regions
in three specific gene domains, rDNA, c-myc, and 5S.
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The rDNA gene cluster is composed of 400 tandemly
repeated highly conserved genes separated by intergenic
spacers rich in promoter and enhancer elements and is
transcribed by RNA polymerase I. Its transcription starts
at the gastrula stage (Shiokawa et al. 1981). The c-myc
locus consists of a 2.5-kb region that is transcribed by
RNA polymerase II. The somatic 5S RNA is encoded by
a multicopy gene transcribed by RNA polymerase III.
Both of these genes are activated after the MBT (Taylor
et al. 1986; Wolffe and Brown 1988). In these three do-
mains, we show that a specific attachment to the matrix
is achieved when embryos become transcriptionally ac-
tive. In contrast, the 63-kD keratin gene domain, which
is transcribed only in adult keratinocytes (Nishikawa et
al. 1992), is not specified at the MBT. Ligation-mediated
(LM)–PCR genomic footprinting was also used to analyze
the determination of the 5S domain and its relationship
to the attachment to the nuclear matrix during develop-
ment. When the whole population of somatic 5S genes
was studied, we could not detect a clear footprint both in
pre- or post-MBT embryos. However, nuclear matrix
fractionation coupled with LM–PCR footprinting per-
mitted the organization of the transcriptionally active 5S
domain in post-MBT embryos to be revealed. These ob-
servations confirm the restriction of the nuclear matrix
sites when transcription resumes in the embryo. They
also point to the importance of the nuclear structure in
the establishment of transcription complexes during de-
velopment. In addition, nuclear matrix fractionation ap-
pears to be a useful option to distinguish active chroma-
tin domains in nonhomogeneous gene populations.

Results

Specification of matrix attachment sites during
Xenopus development

Isolation of nuclear matrix in a low-salt buffer using
lithium-3-5-diiodosalicylate (LIS method) has allowed
isolation and mapping of the DNA regions that structur-
ally define the base of the loop domains, the scaffold
attachment sites (Mirkovitch et al. 1984; Gasser and
Laemmli 1986). LIS can remove histones and nonhistone
proteins but maintains the interactions of SARs with the
resulting nuclear scaffold. We used this method to iso-
late the nuclear matrix after a DNase I treatment to de-
tach the DNA loops from the matrix (Fig. 1A; see Mate-
rial and Methods). The DNA remaining on the matrix
was radiolabeled and used as a probe to examine the
specification of the nuclear matrix attachment sites of
two gene domains, rDNA and c-myc, which are acti-
vated after the MBT. The keratin domain, containing the
63-kD keratin gene, which is not activated after the MBT
but activated in adult keratinocytes, was also analyzed
here.

Each unit of the rDNA domain comprises a tran-
scribed region and a nontranscribed spacer. A recombi-
nant plasmid containing the rDNA unit was digested
with EcoRI, XbaI, and HindIII to produce fragments rep-
resenting different regions of the rDNA gene. These were
then separated on agarose gel (Fig. 1B,C). The gels were

Figure 1. Specification of the nuclear matrix attachment sites
in the rDNA domain during development. (A) Nuclei from pre-
MBT embryos, gastrula embryos, or adult liver cells were iso-
lated and treated by DNase I. The nuclear matrix was then
prepared using LIS extraction (see Material and Methods) and
the DNA fragments remaining on the matrix were radiolabeled
to probe for specific regions in the rDNA domain shown in C.
The DNA fraction remaining attached to the nuclear matrix is
5%, 3.5%, and 2% in lanes E, F, and G, respectively. (B) A
plasmid containing the Xenopus rDNA domain was cut with
HindIII, EcoRI, and XbaI to produce five distinct fragments after
migration on agarose gel. (C) Map of the rDNA domain inserted
in the plasmid. Fragments 1–4 overlap the rDNA domain and
fragment 5 is the DNA vector. (D–G) The plasmid was digested
(B) and was hybridized either with total rDNA (D, uncut and cut
plasmid are in left and right lanes), or with the DNA attached to
the nuclear matrix of early embryos (E), gastrula embryos (F), or
liver cell nuclei (G).
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probed with either total Xenopus DNA (Fig. 1D) or ma-
trix DNA (Fig. 1E–G). Embryos taken before the onset of
transcription (2000-cell pre-MBT embryos) or after the
onset of transcription (post-MBT embryos), as well as
adult liver tissues, were examined.

Figure 1E shows that the matrix-associated DNA from
pre-MBT embryos hybridizes to all the rDNA fragments,
as with total Xenopus DNA (Fig. 1D), indicating that the
association of DNA to the nuclear matrix was random
during early development. In contrast, after the MBT
(stage 10), the association of the rDNA domain with the
nuclear matrix becomes specific, restricted to the inter-
genic spacer region (Fig. 1F). The same specificity was
observed in nuclei from differentiated adult liver cells
(Fig. 1G). We conclude from this that a reorganization of
the rDNA domain in the nucleus occurs during Xenopus
development. This domain appears randomly attached to
the nuclear matrix during early development, when tran-
scription is repressed in the embryo. The specification of
the nuclear matrix attachment site occurs after the mid-
blastula stage, when transcription commences in the
embryo.

To determine whether this phenomenon was particu-
lar to multicopy genes or could be confirmed for single-
copy genes transcribed by the RNA polymerase II ma-
chinery, the organization of the c-myc gene domain was
also analyzed. c-myc transcription is dependent on the
presence of a TATA box element and is activated in a
constitutive manner after MBT (King et al. 1986; Taylor
et al. 1986). A 12-kb domain encompassing the 3.5-kb
c-myc DNA transcribed region was analyzed in Figure
2A. Two different restriction cuts of a plasmid contain-
ing this domain were used to scan the whole domain
using the DNA remaining attached to the nuclear matrix
as a probe. In pre-MBT embryos, both the 58 and 38 re-
gions flanking the coding sequence were detected in the
nuclear matrix fraction (Fig. 2A, c), with a preferential
attachment site located between −3400 and −1300 from
the c-myc P2 promoter. In post-MBT embryos, a restric-
tion of the attachment sites occurs mainly in the 58 up-
stream region of c-myc (Fig. 2A, d). In adult liver tissues,
a single region corresponding to the prominent matrix
attachment site 58 upstream of c-myc remained
(Fig. 2A, e).

We conclude that as for the rDNA domain, a restric-
tion of the c-myc attachment sites occurs during em-
bryogenesis. For this single-copy gene, the coding se-
quence is already excluded from the nuclear matrix be-
fore MBT, and the 1100-bp attachment region upstream
of c-myc becomes the prominent nuclear matrix site as
development progresses.

Both studied domains contain genes that are activated
relatively early in embryogenesis. The 63-kD keratin
gene, which is transcribed at a much later time, in adult
keratinocytes (Nishikawa et al. 1992; Warshawsky and
Miller 1995; Warshawsky and Miller 1997) was also ana-
lyzed. A 14-kb domain encompassing the keratin gene
was cloned from a Xenopus genomic library and ana-
lyzed in pre- and post-MBT embryos, as well as in adult
keratinocytes (Fig. 2B). In contrast to the rDNA gene

domain and the c-myc domain, no specification of
nuclear matrix attachment sites was detected in pre- or
post-MBT embryos (Fig. 2B, cd). However, in adult kera-
tinocytes the attachment of the keratin domain to the
nuclear matrix becomes specific and circumscribed to a
3.5-kb DNA region located ∼7 kb upstream from the
transcription start (Fig. 2B, e). We conclude that the re-
arrangement that occurs at the nuclear matrix level is
not a general feature of all genes at the MBT but may be
related to the timing of their expression in the embryo.

Chromosomal footprinting of the whole population
of 5S somatic gene before or after the MBT does not
reveal substantial chromatin modification

The determination of the nuclear MARs after the MBT
correlated with the activation of transcriptional pro-
grams in the embryo. These changes may be due to the
association of transcription factors or to a presetting of
chromatin domains for their expression. Before MBT,
when transcription is repressed, the presence of a store of
adequate transcription factors can nevertheless program
reporter genes injected in the fertilized egg (Prioleau et
al. 1994, 1995; Almouzni and Wolffe 1995). In order to
analyze whether endogenous chromatin itself could al-
ready be programmed before MBT, we chose the somatic
ribosomal 5S gene whose transcriptional activation after
the MBT depends on a transcriptional activator, TFIIIA,
already present in the fertilized egg. This small gene be-
longs to class III transcribed genes, is present in 400 cop-
ies per haploid genome, and is rapidly transcribed at the
MBT (Newport and Kirschner 1982). Its promoter has
been extensively characterized, and TFIIIA is already
present, potentially active, in large excess in the egg (for
review, see Pieler and Theunissen 1993; Wolffe 1994).

We compared the chromatin at the endogenous so-
matic 5S RNA locus in pre- and post-MBT embryos us-
ing genomic footprinting by DNase I and LM–PCR,
which permits the examination of the locus at the
nucleotide level. To analyze the somatic 5S region on
both DNA strands, two sets of primers were designed
that allow the amplification of DNA fragments gener-
ated by DNase I digestion, reading from the 38 linker
sequence, through the transcription unit and out into the
58 linker sequence (S4, S5, and S6; Material and Meth-
ods), and also in the opposite direction, that is, from the
58 linker sequence, through the transcription unit and
into the 38 linker sequence (S1, S2, and S3). The overlap
of the sequences analyzed by the primer sets allowed
confirmation of the sequence being examined.

Using different levels of DNase I, we never observed
clear patterns of protection along the gene (Fig. 3; data
not shown). Several hypersensitive sites were observed
in pre-MBT embryos, mainly localized in the 38 region of
the gene, which contains the internal control region. The
post-MBT chromatin appeared less accessible, and the
preference for hypersensitive sites had moved to the 58
region of the gene in the coding strand. The increased
accessibility of the somatic 5S domain in pre-MBT em-
bryos may be due to a general phenomenon affecting
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bulk chromatin being less condensed than in post-MBT
embryos. Considering the high level of transcription of
the somatic 5S gene post-MBT, it was surprising that no
protection of the gene region and no hallmarks of tran-
scription factor binding were observed, as, for example,
in the region bound by TFIIIA on in vitro-reconstituted
DNA–TFIIIA complexes (for review, see Pieler and Theu-
nissen 1993).

Genomic footprinting associated with nuclear matrix
isolation reveals the chromatin organization and the
boundaries of the somatic 5S gene in post-MBT embryos

A likely explanation for the failure to observe a clear
footprint on the 5S somatic gene was that only a fraction
of the gene copies were being expressed and therefore the

Figure 2. Specification of the nuclear ma-
trix site in the c-myc and keratin domains
during development. (A) c-myc domain.
Nuclei from pre-MBT gastrula embryos or
adult liver cells were treated as described
in Fig. 1A. The DNA remaining attached
to the nuclear matrix was radiolabeled to
probe for specific regions in the c-myc ge-
nomic domain. A plasmid containing 12
kb of c-myc DNA was cut with HindIII
and EcoRI, or PvuII to give the restriction
map shown in a. The position of the tran-
scribed c-myc domain is shown, as well as
the initiation site P2, from which c-myc is
transcribed in Xenopus (Taylor et al. 1986;
Prioleau et al. 1995). The fragments of the
c-myc plasmid were separated by agarose
gel electrophoresis (b) and hybridized with
the nuclear matrix associated DNA from
early embryos (c), gastrula embryos (d), or
liver cell nuclei (e). (B) Keratin domain.
Nuclei from pre-MBT, gastrula, and tail-
bud stage embryos or adult keratinocytes
were treated as described in Fig. 1A. The
DNA remaining attached to the nuclear
matrix was radiolabeled to probe for spe-
cific regions in the keratin genomic do-
main. An EMBL3 phage containing a 14-kb
domain encompassing the keratin gene
was cut with HindIII/EcoRI, to give the
restriction map shown in a. The position
of the transcribed keratin gene is shown
(L. Miller, pers. comm.). The fragments of
the keratin domain were separated by aga-
rose gel electrophoresis (b) and hybridized
with the nuclear matrix associated DNA
from early embryos (c), gastrula embryos
(d), or adult keratinocyte nuclei (e).
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occupancy of the internal promoter could have been
masked in an average pattern of all the gene copies. A
similar possibility was mentioned for the lack of the ex-
pected TFIIIA footprint on the promoter of the oocyte
type 5S gene expressed in the oocyte (Engelke et al.
1980). Nuclear matrix isolated by the classic NaCl
method was found in association with actively tran-
scribed genes in several independent studies (for review,
see Berezney et al. 1995; Stein et al. 1995; Jackson 1997).
The specification of the nuclear matrix sites that we ob-
served during development led to consider that chroma-
tin domains attached to the matrix could be enriched in
transcriptionally active chromatin. A related approach
using nuclear matrix fractionation allowed the enrich-
ment of replicating DNA and were found essential to
reveal origins of DNA replication in eukaryotes (Dijkwel
et al. 1991).

We analyzed the portion of somatic 5S copies that
were attached to the nuclear matrix by treating the em-
bryonic nuclei with HindIII, which excises the somatic
5S units. Using slot blot hybridizations and agarose gel
electrophoresis, we measured that 23% of the 5S units
were attached to the matrix in post-MBT embryos (data
not shown). To test whether the nuclear matrix fraction
contained active 5S genes, we analyzed the distribution
of the nascent 5S RNA transcripts in the salt-extracted
nuclear matrix and the nonmatrix fractions. Nuclei were
isolated from stage 13 embryos, and a run-on transcrip-
tion was carried out in the presence of [a-32P]UTP as
described in (Verheggen et al. 1998). The nuclear matrix
and the soluble fractions were isolated, and the RNA
extracted from both fractions was used as a probe to hy-
bridize with the 5S RNA gene. Figure 4 shows that most
of the nascent 5S RNA transcripts were in the nuclear

matrix fraction, indicating that the active 5S gene units
were associated to this fraction.

The specification of the 5S nuclear matrix attachment
sites was analyzed in Figure 5A,B. A 324-bp region
(BanII, fragment 5) encompassing the internal control
region of the somatic 5S gene was detected in the nuclear
matrix fraction of DNase I treated nuclei from post-MBT
embryos. In contrast, no specific attachment was de-
tected before MBT. We have also used an alternative
method, based on DNase I digestion of agarose-embed-
ded nuclei (Jackson and Cook 1985). The nucleoskeleton
was separated from cleaved-off DNA by DNA electro-
phoresis, and the nucleoskeleton-associated DNA was
isolated and used as probe to map the attachment points
(Fig. 5B, e). These two different methods produced simi-
lar results; the same DNA region found associated to the

Figure 3. Genomic footprinting of the so-
matic 5S gene in pre- and post-MBT em-
bryos. Embryonic nuclei were isolated from
inactive (pre-MBT) or active embryos (stage
10) and treated for DNase I genomic foot-
printing as described in Material and Meth-
ods. Both the coding strand and the noncod-
ing strand were analyzed. Nuclei refer to the
DNase I genomic footprint, naked is purified
DNA treated by DNase I, and C/T and A/G
were sequencing lanes. The somatic 5S map
is shown with the coding sequence (grey box)
including the internal control region (white
box). DNase I hypersensitive sites are indi-
cated. Arrows mark hypersensitive sites re-
producibly observed in post-MBT embryos.

Figure 4. Association of the nascent 5S RNA with the nuclear
matrix in gastrula embryos. Run-on transcription in the pres-
ence of [32P]UTP was carried out on isolated nuclei from tailbud
stage embryos, followed by the nuclear matrix isolation as de-
scribed in Materials and Methods. Total, matrix-associated, and
nonmatrix RNA was isolated and hybridized with the somatic
5S gene immobilized on a Hybond N+ membrane.
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nuclear matrix fraction was also detected in the nucleo-
skeleton fraction (Fig. 5B).

As the nuclear skeleton/matrix fraction is enriched in
active 5S units (Fig. 4), we reasoned that the DNase I
footprint of this specific fraction may reveal the organi-
zation of the 5S unit. Nuclei were treated with DNase I
as for a standard genomic footprint. This treatment also
removes the DNA loop extending from the matrix (Fig.
6A). The nuclear matrix was isolated after DNase I treat-
ment and the DNA remaining attached to the matrix
analyzed by LM–PCR. This experimental scheme should
reveal both a high-resolution map of the nuclear matrix
site and detect the genomic footprint of the DNA do-
mains anchored to the matrix. The results of this analy-
sis, performed on pre- and post-MBT embryos, are shown
in Figure 6, B and C.

In pre-MBT embryos, we found no clear signs of a tran-
scriptionally determined domain on the nuclear matrix-
associated DNA. Borders of a protected region on the
matrix were not detected, as expected considering the
nonspecific nature of the matrix attachment at this stage
(Fig. 5). Some hypersensitive sites were present, as ob-
served for the footprint of the total nuclear DNA fraction
(Fig. 3), but the analysis failed to reveal large regions of
protection in the coding strand. A region of partial pro-
tection at +80 to +90 of the noncoding strand (Fig. 6C,
pre-MBT) could suggest abortive interactions of TFIIIA
with this region before MBT (see below).

Entirely different results were observed for post-MBT
embryos. Strong hypersensitive sites were observed at
the borders of a protected region starting at −42 bp from
the transcription start site and ending at +126 bp. The

almost total absence of bands 58 and 38 of these borders
indicated that the DNA beyond was digested out from
the matrix by DNase I, and that the LM–PCR method
coupled to the nuclear matrix fraction permitted to de-
fine the two borders of the 5S domain that were anchored
to the nuclear matrix. The cluster of hypersensitive sites
at the 38 border overlaps the transcription termination
region.

Inside the domain anchored to the matrix, the DNase
I footprint revealed a reproducible organization on the
promoter region. On the coding strand (Fig. 6B), a cluster
of strong hypersensitive sites is present around position
50, which is the border of the internal control region, and
is followed by a region of protection extending to nucleo-
tide 110. On the noncoding strand, protection is ob-
served from +80 to +90. These regions of protection have
been described previously as essential for promoter ac-
tivity both by mutation analysis and studies on recon-
stituted transcription complexes. In the Xenopus laevis
somatic 5S gene, mutation analyses have identified
nucleotides +50 to +60 (box A) and +80 to +90 (box C) as
the main promoter (Pieler et al. 1985b, 1987). The bind-
ing of TFIIIA to 5S genes was identified in a protected
region from +45 to +98 in X. borealis (Engelke et al. 1980;
Sakonju et al. 1981; Rhodes 1985). The +80 to +90 ele-
ment of the noncoding strand is the strongest and main
determinant for the binding of TFIIIA, through its first
three zinc fingers (Fairall and Rhodes 1992; Liao et al.
1992). Box A is further required for the interaction of the
5S domain with TFIIIC (Lassar et al. 1983; Pieler et al.
1987). An additional region is protected on the noncod-
ing strand, which overlaps the 58 flanking region, at −42

Figure 5. Specification of the attachment
sites in the somatic 5S RNA gene domain
during development. (A) Restriction map
of the somatic 5S gene unit. (B) Nuclei
from gastrula embryos were treated with
DNase I followed by NaCl extraction and
the DNA remaining attached to the ma-
trix was purified and radio labelled to
probe different regions of the somatic 5S
unit separated on agarose gel (a–d). Alter-
nately, the agarose-embedded nuclei were
directly digested at physiological salt con-
centration with DNase I (Materials and
Methods). The nucleoskeleton was sepa-
rated from cleaved-off DNA by DNA elec-
trophoresis, and the nucleoskeleton-asso-
ciated DNA was isolated and used as probe
(e). A HindIII somatic 5S insert first puri-
fied from a recombinant plasmid was fur-
ther cut with AvaII and BanII to produce
the map shown in B. The fragments were
separated on agarose gel (a, ethidium bro-
mide staining), and further probed with to-
tal DNA (b), or with the nuclear matrix
DNA from pre-MBT (2000-cell stage) em-
bryos (c) or post-MBT (stage 10) embryos
(d), as well as with the nuclear skeleton
DNA from the stage 10 embryos (e).
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to +26 (Fig. 6C). This region was detected previously in a
genomic footprint of the Xenopus somatic 5S gene in
erythrocyte nuclei (Chipev and Wolffe 1992), as well as
in a 5S transcription complex reconstituted in vitro
(Wolffe and Morse 1990). We conclude that the somatic
5S domain specifically attached to the matrix in post-
MBT embryos contains the hallmarks of the interactions
of the 5S promoter with its known transcription factors.

Although not specifically analyzed here, nucleosome
assembly might also contribute to the chromatin orga-
nization detected post-MBT. Ternary complexes of
TFIIIA, naked DNA, and histone octamer have been
found to be different between X. borealis and X. laevis 5S
genes (Rhodes 1985; Gottesfeld 1987; Lee et al. 1993;
Howe et al. 1998). However, for both genes assembled
with histones and TFIIIA, the contact of TFIIIA with the
DNA between +80 and +90 of the noncoding strand is
crucial to maintain, and was protected in vivo (Fig. 6C).
The TFIIIA binding to the octamer 5S gene was shown to
occur mainly between +62 and +95 (Lee et al. 1993). The
cluster of hypersensitive sites centred at position 50 (+45
to +54) in the coding strand (Fig. 6B) was not observed
previously in complexes between naked DNA and puri-
fied TFIIIA. It overlaps one promoter element (box A)
involved in the bending of the internal promoter (Brown
et al. 1996).

From this study, we conclude that in embryos engaged
in somatic 5S transcription only a subset of the 5S
domains appeared programmed for transcription, and
that this subset can be identified by the isolation of
the genomic fraction attached to the nuclear matrix.
This subpopulation was not detected in pre-MBT em-
bryos, except for partial protection over the strongest
TFIIIA binding site, box C, which suggests abortive in-
teractions of this region with the trans-activator during
this stage.

Discussion

Specification of chromatin domains during development

In recent years, the organization of the nucleus has been
shown more structurally fixed than previously thought.
The attachment of chromosomal domains to the nuclear
matrix is one level of organization that appears related to
both genome organization and to the regulation of gene
expression. We show here that the matrix binding is dy-
namic during embryonic development and that it might
fractionate the genome into active and inactive domains.

During early development in Xenopus, four gene do-
mains, rDNA, c-myc, keratin, and the somatic 5S gene,
which are transcriptionally silent during this period, did
not display specific attachment sites to the nuclear ma-
trix. This was in contrast to the situation after the MBT
when transcription resumed in the embryo for rDNA,
c-myc, and the somatic 5S gene, and when specific ma-
trix attachment sites for the three gene domains could be
identified. The keratin domain that is activated only in
adult tadpoles just before metamorphosis did not exhibit
a detectable rearrangement in the post-MBT embryos

Figure 6. Nuclear matrix purification coupled to LM–PCR on
DNase I treated nuclei reveals a specific organization on the
somatic 5S DNA in gastrula embryos. (A) Scheme of the proce-
dure used. Nuclei from gastrula embryos were treated by DNase
I and the DNA remaining attached to the nuclear matrix was
isolated. The genomic footprinting was further analyzed by LM–
PCR as described in Material and Methods. (B) DNase I genomic
footprint detected in the coding strand; (C) footprint in the non-
coding strand. The map of the somatic 5S gene is shown with
the internal control element (+45 to +98, white box) as revealed
by mutation analysis of the X. laevis gene or DNase I digestion
of the TFIIIA X. borealis 5S DNA complex (Engelke et al. 1980;
Sakonju et al. 1981; Pieler et al. 1985a,b, 1987). Pre-MBT and
post-MBT refer to the DNase I genomic footprint from 2000-cell
stage and stage 10 embryos, respectively, and naked DNA is
the DNase I treatment of naked DNA. A/G and C/T are se-
quencing reactions. Arrows mark hypersensitive sites reproduc-
ibly observed in post-MBT embryos. Broken lines refer to DNA
regions absent in the nuclear matrix of post-MBT embryos.
Solid lines indicate regions where DNase I protections were
detected.
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whereas a DNA domain starting 7 kb upstream of the
keratin promoter appears to be specified in transcription-
ally active keratinocytes.

The pattern observed before MBT may formally reflect
the pleiotropic binding of multiple sites within the same
gene domain. However, the apparently random organi-
zation observed for each of the domains analyzed does
not argue in favor of a specificity of the attachment sites
before MBT. In addition, in pre-MBT embryos, different
methods for nuclear matrix preparation in the pre-MBT
nuclei (LIS or NaCl extraction, heat stabilization, Cu2+

stabilization) all show a nonspecific association of the
rDNA genes with the nucleoskeleton (data not shown).
These results are also in agreement with the organiza-
tion of the embryonic genome in pre-MBT embryos,
when DNA replication occurs at a high rate in the ab-
sence of transcription. DNA replication is detected in
the nuclear matrix fraction and occurs at close intervals,
every 12–15 kb (Hyrien and Mechali 1993; Hyrien et al.
1995; Walter and Newport 1997), with no sequence
specificity (Hyrien et al. 1995). It is therefore possible
that during this period of transcriptional quiescence, the
organization of the genome is mainly determined by the
constraints linked to the rapid replication cycles.

In the rDNA domain, the matrix attachment is local-
ized to the intergenic spacer, which is rich in promoter
and enhancer elements. This same region was found at-
tached to the matrix in gastrula embryos and in adult
liver tissues. This region also corresponds to the region
identified attached to the nuclear matrix in erythrocytes
(Marilley and Gassend-Bonnet 1989), in HeLa cell nuclei
(Keppel 1986), and in rat nucleoli (Stephanova et al.
1993). The developmental changes from apparently ran-
dom to specific attachments of the rDNA domain to the
matrix may be correlated to two other transitions that
occur during the same developmental period. The first is
an increase in the size of chromatin loops (Buongiorno-
Nardelli et al. 1982) and the second is the specification of
replication origins in the same region of the locus. After
the MBT, DNA replication becomes site specific and is
restricted to the intergenic spacer region (Hyrien et al.
1995). The same localization of the replication origin
was found in Xenopus cells in culture (Bozzoni et al.
1981). The specification of the nuclear matrix attach-
ment site at the onset of transcription in the embryo
may help settle the replication origin. Alternatively, the
stabilization of the rDNA chromatin domain, after the
MBT, may permit this domain to be isolated for both
transcription and replication.

The specification of the nuclear matrix attachment
site was also observed with a single-copy gene tran-
scribed by RNA polymerase II, c-myc, although this was
more progressive than for the rDNA gene. During early
development, no specific attachment was detected in the
58 and 38 flanking regions of this domain, but the coding
sequence appeared in a region cleaved off by the DNase
I treatment. In gastrula embryos, as well as in adult liver
tissues, a 58 upstream region became predominantly at-
tached to the matrix. The c-myc gene domain has been
subjected to extensive studies at the chromatin level.

The upstream site I was a super-hypersensitive site lo-
cated 2.5-kb upstream of the P2 promoter (Dyson et al.
1985) in proliferating cells expressing c-myc. In differen-
tiating cells, when c-myc transcription is repressed, the
loss of several DNase I hypersensitive sites occurred, ex-
cept for this upstream site. We found a major hypersen-
sitive DNase I site in the same Xenopus c-myc region in
proliferating Xenopus A6 cells in culture (Prioleau et al.
1995). The exclusion of the coding sequence from the
nuclear matrix in transcriptionally quiescent embryos
may indicate a first step in the organization of this do-
main before active transcription. This event would not
be discerned in the multiple copy rDNA domain if the
first organization step did not concern all the rDNA cop-
ies.

Genomic footprinting associated with nuclear matrix
isolation permits chromatin hypersensitive sites and
the boundaries of the 5S somatic gene to be revealed
in vivo

Although the nuclear matrix is not yet fully defined at
the molecular level, it is clear that the isolation of the
matrix reveals changes in the organization of the nucleus
that are highly relevant to 5S transcription regulation
during development. It also unveils transcription-depen-
dent chromatin footprints that could not be obtained
without the nuclear matrix enrichment procedure. The
transcription factor TFIIIA is the major activator regu-
lating transcription of 5S genes during Xenopus develop-
ment (Wolffe 1994). The TFIIIA–5S complex has been
extensively analyzed using purified TFIIIA and X. bore-
alis DNA and has allowed the precise definition of
DNase I accessibility to this complex (Engelke et al.
1980; Sakonju et al. 1981; Pieler et al. 1987; Fairall and
Rhodes 1992). The complex with the X. laevis somatic
5S DNA had similar properties (Sakonju et al. 1981;
Pieler et al. 1987; Wolffe and Morse 1990; Chipev and
Wolffe 1992). The interaction of TFIIIA with reconsti-
tuted nucleosomes containing somatic 5S DNA also
helped to define the contribution of histone assembly
and nucleosome positioning (Rhodes 1985; Lee et al.
1993; Panetta et al. 1998). The chromatin organization of
this gene in vivo is not so well documented except for
nuclei from erythrocytes, which are transcriptionally
quiescent. In this case, the somatic 5S gene appears rela-
tively accessible to nucleases, with some protection, oc-
curring both in the internal promoter and in the 58 flank-
ing region (Chipev and Wolffe 1992).

In the study of the oocyte type 5S gene that expresses
the oocyte 5S RNA at a high rate, no sign of the expected
TFIIIA footprint was detected on the internal promoter
(Engelke et al. 1980). Similarly, we were unable to detect
a clear organization of the transcriptionally active so-
matic 5S chromatin in post-MBT embryos. However, pu-
rification of the nuclear matrix coupled to LM–PCR foot-
printing allowed a specific chromatin organization to be
selectively revealed. DNase I treatment was performed
before nuclear matrix purification. This allowed a
DNase I footprint to be obtained, as well as eliminating
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chromatin domains not anchored to the matrix. We ob-
served that the 5S gene domain is anchored to the matrix
with two specific borders flanking the 5S transcription
unit. These two borders are demarcated by two clusters
of strong hypersensitive sites with the DNA beyond out-
with the matrix. These borders were not observed when
bulk chromatin was analyzed.

The chromatin organization of the 5S domain itself
shows distinct regions of protection in the coding and
the noncoding strand, both characteristic of TFIIIA bind-
ing to boxes A and C (Sakonju et al. 1981; Pieler et al.
1985a, 1987; Rhodes 1985). An additional large region
protected in the noncoding strand (−42 to +26) overlaps
the transcription initiation site and was previously
found necessary for transcription of the 5S unit by in-
creasing the recruitment of TFIIIB and TFIIIC (Worming-
ton et al. 1981; Wolffe and Morse 1990). We did not de-
tect a clear positioning of a nucleosome in the 58 region
of the 5S unit. However, the in vivo genomic footprint
detected here may reflect an organization more complex
than in reconstituted nucleosomes in vitro. The cluster
of strong hypersensitive sites at the 58 border of the in-
ternal control element (+45 to +54) was not observed
previously in vitro and may be a specific feature of the
active chromatin domain in vivo. It is located partially
overlapping box A, which is required for bending the
internal promoter (Brown et al. 1996) and for transcrip-
tional activation (Pieler et al. 1987). Although a defined
nucleosome positioning could not be detected for the X.
laevis somatic gene (Chipev and Wolffe 1992; Howe et
al. 1998; Sera and Wolffe 1998), this site may correspond
to a loose binding of the DNA at the border of box A, as
suggested for the X. borealis gene (Rhodes 1985; Panetta
et al. 1998), and therefore an increased DNase I sensitiv-
ity.

Nuclear matrix anchorage and gene expression
during development

Before MBT, nuclear matrix anchorage appears to be ran-
dom. Specific chromatin organization is not detected ei-
ther in the bulk chromatin or in the nuclear matrix at-
tached domains. In pre-MBT embryos, the partial protec-
tion of the strongest TFIIIA binding site for the somatic
5S gene (box C) confirms that transactivators can access
their DNA-binding sequences but that this is not suffi-
cient to recruit the basal transcription machinery (Prio-
leau et al. 1995). Attachment to the nuclear matrix in
post-MBT embryos may help to stabilize an active tran-
scription complex.

One essential function of domain boundaries in regu-
lating gene expression is to permit specific genes to be
relatively independent of the surrounding chromosomal
environment. In this way, stable transcription com-
plexes can be assembled that are less prone to undesir-
able interactions. Insulator elements, LCR (locus control
region) elements, or specific sequestration of chromatin
domains, can contribute to the function of these bound-
aries. Matrix attachment sites have been found to define
the boundaries of active chromatin domains including

the chicken lysozyme gene (Loc and Stratling 1988), the
rDNA in Xenopus erythrocytes (Marilley and Gassend-
Bonnet 1989), the human apolipoprotein gene (Levy-Wil-
son and Fortier 1989), and the Drosophila histone gene
cluster (Mirkovitch et al. 1984).

Not all SAR/MAR elements function as insulators.
However, the ability of SAR/MARs to confer stable and
position-independent transcription to genes randomly
integrated into the genome (Grosveld et al. 1987; Stief et
al. 1989; Phi et al. 1990) strongly suggests that the SAR/
MARs may act as insulators in vivo. The MAR elements
in the IgH locus are also crucial for the activation of a
distal promoter independent of the chromosomal con-
text (Forrester et al. 1994). The specification of the
nuclear matrix attachment region reported here may
contribute as well to the establishment of stable pro-
grams of transcription and cell lineages in the embryo.

The mechanism by which specification of the matrix
attachment site is controlled is still unknown. Proteins
that bind to the MARs could displace H1 and derepress
chromatin (Zhao et al. 1993), which is in agreement with
the dominant role of histone H1 in regulating the 5S
gene expression during early development (Bouvet et al.
1994; Kandolf 1994). Alternatively, MARs could cooper-
ate with the enhancers to extend chromatin accessibility
(Jenuwein et al. 1997), or recruit specific remodeling pro-
tein complexes at the promoter regions (Reyes et al.
1997). Specification can also be achieved indirectly by
tethering proteins involved in transcription in large fac-
tories attached to the nucleoskeleton (Jackson et al.
1993). In this case, the specificity of the attachment of
DNA domains to the matrix would be through recruit-
ment by transcription factors and not by the matrix it-
self. Whatever the mechanisms involved, this specifica-
tion might be an essential step in the determination of
active and stable transcription complexes independent of
the chromosomal context.

Materials and methods

Purification of nuclei and nuclear matrices

Nuclei were purified from Xenopus embryos (Gorski et al. 1986)
and from Xenopus liver (Marilley and Gassend-Bonnet 1989).
Nuclear matrices were prepared by treatment of the isolated
nuclei with DNase I or restriction endonucleases followed by
extraction with either LIS or 2 M NaCl essentially as described
(Gasser and Vassetzky 1998).

In the LIS method, digestion buffer (100 mM NaCl, 25 mM

KCl, 10 mM Tris-HCl at pH 7.5, 0.25 mM spermidine, 1 mM

CaCl2) was added to 105 nuclei to a final volume of 400 µl. The
nuclei were digested with 100 µg/ml DNase I for 3 hr at 4°C.
The digestion was followed by a stabilization step, the addition
of CuCl2 to a final concentration of 1 mM, and incubation for 10
min at 4°C. The nuclei were then extracted with five volumes
of LIS extraction buffer containing 10 mM Tris-HCl at pH 7.5,
0.25 mM spermidine, 2 mM EDTA-KOH at pH 7.5, 0.1% Digi-
tonin, and 25 mM LIS for 5 min at room temperature. The his-
tone-depleted nuclear matrices were recovered by centrifuga-
tion and the nuclear matrix pellet was washed three times in a
washing buffer containing 20 mM Tris-HCl at pH 7.5, 0.25 mM

spermidine, 0.05 mM spermine, 100 mM NaCl, and 0.1% Digi-
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tonin. The size range of the nuclear matrix attached DNA was
400–1500 bp.

In the NaCl method, 105 nuclei were digested with 100 µg/ml
DNase I in the digestion buffer as described above and stabilized
by addition of CuCl2. The nuclei were then extracted by addi-
tion of one volume of a buffer containing 4 M NaCl, 20 mM

EDTA, and 40 mM Tris-HCl at pH 7.5. The resulting nuclear
matrices were removed by centrifugation and washed three
times with 20 mM Tris-HCl at pH 7.5, 2 M NaCl, 10 mM EDTA.
The size range of the nuclear matrix-attached DNA was 200–
800 bp.

Nuclear skeletons were prepared as decribed elsewhere (Jack-
son and Cook 1985). Embryonic nuclei (105) were embedded in
1 volume of 2% low-melting agarose. The agarose blocks were
washed in PBS and then digested in the digestion buffer with
100 µg/ml DNase I for 3 hr at 4°C. The nuclear skeletons were
separated from the cleaved-off DNA loops by agarose gel elec-
trophoresis performed on the agarode beads.

Nuclear matrices/skeletons were digested with proteinase K
and extracted with phenol–chloroform. The DNA associated
with the nuclear matrix/skeleton was treated with RNase A
and used as a probe for hybridization or as a substrate for LM–
PCR.

Run-on transcription

Run-on transcription was carried out essentially as described in
(Verheggen et al. 1998). The isolated nuclei of the tailbud stage
embryos were permeabilized in 20 mM Tris-HCl at pH 7.4, 5 mM

MgCl2, 0.5 mM EGTA, 0.05% Triton-X 100, 5 µg/ml leupeptin,
and 5 µg/ml pepstatin, washed in the same buffer without Tri-
ton-X 100, and incubated for 20 min at 23°C in a buffer con-
taining 100 mM KCl, 50 mM Tris-HCl at pH 7.4, 5 mM MgCl2,
0.5 mM EGTA, 25 µM S-adenosyl L-methionine, 0.5 mM of ATP,
CTP, GTP, 5 µCi [32P]UTP, 5 U/ml Rnasine, 5 µg/ml leupeptin,
and 5 µg/ml pepstatin. The incubation was followed by the
nuclear matrix isolation by the NaCl extraction. Total, matrix-
associated, and nonmatrix RNA was purified and hybridized
with the somatic 5S gene immobilized on a Hybond N+ mem-
brane.

LM–PCR

LM–PCR was carried out essentially by the method of (Mueller
and Wold 1989). Initial extension was with Vent (exo-) DNA
polymerase (New England Biolabs) and amplification/labeling
was with Gold Star DNA polymerase (Eurogentec). 58 primer
labeling was with T4 polynucleotide kinase (Life Technologies)
following manufacturers instructions. The primers used were:
S1 (−96 to −78) 58-GCTGGGGTTTTTTATCTTG-38; S2 (−31 to
−7) 58-CAAGAGGAGGAAAAGTCAGCCTT-38; S3 (−21 to +6)
58-GGAAAAGTCAGCCTTGTGTTCGCCTAC-38; S4 (195 to
178) 58-CTAGCTGTCTGGCTGTTG-38; S5 (157 to 138) 58-
AGACTGCCCCCTGCTGCTCAGA-38; S6 (150 to 125) 58-
CCCCTGCTGCTCAGAAGGGCAAAGT-38. The initial ex-
tension reaction was initiated with 250 ng of DNA. Annealing
temperatures used were S1, S4 = 50°C; S2, S5 = 65°C, and S3,
S6 = 72°C. Amplification was for 25 cycles. Labeling extension
was for 5 cycles.
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