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Homeaotic Protein Binding Sites, Origins of Replication,
and Nuclear Matrix Anchorage Sites Share the ATTA and
ATTTA Motifs
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Abstract Nuclear matrix organizes the mammalian chromatin into loops. This is achieved by binding of nuclear
matrix proteins to characteristic DNA landmarks in introns as well as proximal and distal sites flanking the 5" and 3’ ends
of genes. Matrix anchorage sites (MARs), origins of replication (ORIls), and homeotic protein binding sites share
common DNA sequence motifs. In particular, the ATTA and ATTTA motifs, which constitute the core elements
recognized by the homeobox domain from species as divergent as flies and humans, are frequently occurring in the
matrix attachment sites of several genes. The human apolipoprotein B 3' MAR and a stretch of the Chinese hamster
DHFR gene intron and human HPRT gene intron shown to anchor these genes to the nuclear matrix are mosaics of ATTA
and ATTTA motifs. Several origins of replication also share these elements. This observation suggests that homeotic
proteins which control the expression level of many genes and pattern formation during development are components
of the nuclear matrix. Thus, the nuclear matrix, known as the site of DNA replication, might sculpture the crossroads of
the differential activation of origins during development and S-phase and the control of gene expression and pattern
formation in embryogenesis.  © 1992 Wiley-Liss, Inc.
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NUCLEAR MATRIX, TRANSCRIPTIONAL
ENHANCERS, AND THE DOMAIN CHROMATIN
STRUCTURE

The 25 million or so nucleosomes in a single
mammalian nucleus are organized into 60,000
chromatin loops by the interaction of specific
sequences of DNA with the nuclear matrix pro-
teins [Paulson and Laemmli, 1977; Mirkovitch
et al., 1984; Gasser and Laemmli, 1986]. Such
landmarks occur within introns of the various
genes [Cockerill and Garrard, 1986; Kis and
Chasin, 1987; Sykes et al., 1988], as well as
within proximal and distal sites flanking the 5’
and 3’ ends [Bode and Maass, 1988; Phi-Van
and Stritling, 1988; Levy-Wilson and Fortier,
1989]. Table 1 summarizes the AT-rich se-
quences which are abundant in the matrix at-
tachment region of several genes that have been
studied. A striking finding is that the MAR of
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the human apolipoprotein B gene is a mosaic of
ATTA, ATTTA, and other related motifs re-
peated over a 555 bp stretch. Similar motifs are
present in virtually all MAR sequences deter-
mined (Table I), with the exception of the Xeno-
pus ribosomal RNA gene repeat MAR [Marilley
and Gassend-Bonnet, 1989] and that of human
Ha-ras oncogene [Boulikas et al., 1992]. These
data reinforce the idea that some noncoding
sequences, such as MARs, may represent repeti-
tive mass binding sites for regulatory nonhis-
tone proteins; the presence of a large domain
with a number of weak binding sites can lead to
the formation on a strong DNA-protein complex
[Zuckerkandl and Villet, 1988], especially when
one single high-affinity binding site is present in
the complex [Scheuermann, 1991]. Such high-
affinity protein-DNA complexes are presumably
formed when total nuclear matrix proteins inter-
act with specific fragments of DNA [e.g., Cocker-
ill and Garrard, 1986].

MAR sequences have been demonstrated to
have transcriptional enhancer activity [Xu et al.,
1989; Blasquez et al., 1989a; Stief et al., 1989;
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TABLE I. Nuclear Matrix Anchorage Regions (MARs)

DNA sequence

Gene and location Reference

TAATTAAATATTITATAATTAAAATATTTA
The entire MAR is composed of this 30-nucleotide motif,
repeated 18.5 times

187 TAAATTATATAACTAATTTTAATTATAAAATTAA
CACTAATTATAATAGCATTATTAATGAAATTAACATT
GATTATAATAAAACAACATTAATAATAAAATTAAC

CTTAATGTATATAATCTTTTAGAGGTAAAATC-20nt-
GTAAATATTCTTTGA-21nt-CTAAATTATATGTCATAT
TAACTGGTTAAATTAATATAAATTTGT-26nt-
ATATTTTT-8nt-AAAAATATGACTAATAATAATTTA
GCACAAAAAATATT-8nt-CTTTAATTC-38nt-
CTATAATCCCATAATTTTGAAAACTATTVATTAG-33nt-
CTATTTA

(topoisomerase 11 sites are underlined; a sequence common
to several MARs is in grey)

129 CTATTAGCTTTAATTATTTTTACATTTAG-19nt-
CATAATTTTG-24nt-CAAATTATC-43nt-GAATTTTAA
6nt-TGAATATAAAA-50nt-TATTACTCATTACTAGGAAT
TAAATAAAAT-40nt-TCATTTTTATCTTTTATTTTTG
TTTGTTTTTTTTG

(shaded areas represent yeast ARS)

CCCATTATTGG

CCTAAATG
GGTTTTAAGTAATGTATTCTCTATTA
GTGAATAATGATGTT
CAATTAAATGTCCAC

(topoisomerase II sites are underlined)

—-471 AATAAATAAA

-583
-712
-957
—-942

AATAAATAAT
AATAAATAAA
TTATTTTATA
TTTTAVTATT

—-914 AATAAATAAA
—-346 TTATATTATT

—4159 AATAAATAAT
—4190 AATAATATATA
-3763 TTTTATTATT

+260 TATAAATAAA
-516 TAAYTTTTTT

Human apolipoprotein B Levy-Wilson and

gene 3’ proximal MAR Fortier [1989]
Chinese Hamster dihydro- Kés and Chasin
folate reductase gene MAR [1987]

(within an intron)

DNA sequence motifs with
resemblance to homeotic
protein binding sites
within a 364 bp stretch of
the JC intron of the mouse
x immunoglobulin gene

Blasquez et al.
[1989hb]

DNA sequence motifs from
the human hypoxanthine
phosphoribosyl transferase
gene MAR (within the first
intron)

Sykes et al. [1988]

Motifs from 3’ MAR of
chicken a-globin gene

Farache et al. [1990]

Gasser and Laemmli
[1986]

Drosophila Sgs-4 gene MAR

Gasser and Laemmli
{1986]

Drosophila histone H1-H3
intergenic region MAR

Gasser and Laemmli
[1986]

Drosophila adult alcohol de-
hydrogenase gene MAR

Gasser and Laemmli
[1986]

Drosophila larval alcohol de-
hydrogenase gene MAR

Drosophila Hsp70 87A7 gene Gasser and Laemmli
MAR [1986]

Phi-Van et al., 1990; Klehr et al., 1991]. This,
together with earlier findings showing that tran-
scription takes place on the nuclear matrix [e.g.,
Cigjek et al., 1983; see Boulikas, 1987], seems to
suggest that understanding the nature of DNA
sequences that are attached to the nuclear ma-
trix is important for a comprehensive view of
the regulation of gene expression in eukaryotic
cells.

We may view transcriptional enhancers as
elements, permanently attached to the nuclear
matrix. The promoter region of their genes might
be anchored to the nuclear matrix via hydropho-
bic interactions between nonhistone proteins
bound to the enhancer and promoter elements
and looping out of the DNA, first proposed by
Mirkovich and co-workers [1984; see Fig. 2 in
Boulikas, 1992]. This idea divides nuclear ma-
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trix attachment sites into permanent (enhanc-
ers, origins of replication) and temporal (related
to the transcriptional and repair activity of the
genes as well as developmental stage). The con-
stitutive or permanent class of MARs is present
in all cell types irrespective of the transcrip-
tional activity of the genes involved and seems
to include origins of replication [e.g., Razin et
al., 1986]. Usually one such MAR is found in the
5’ far upstream site and a second MAR in the 3’
downstream site of a gene, delineating the
boundaries of its functional chromatin domain.
Examples are the 19 kb locus of the chicken
lysozyme gene [Phi-Van and Stratling, 1988]
and the 49 kb locus of the human apolipoprotein
B gene [Levy-Wilson and Fortier, 1989].

The facultative (or functional or transient)
class of MARs seems to depend on the transcrip-
tional and repair activity of the gene. Indeed,
repair activities are also restricted to the nuclear
matrix [McCready and Cook, 1984; Mullenders
et al.,, 1988]. The facultative type of MAR is
therefore detected only in cell types harboring
the particular gene in an active chromatin struc-
ture. This type of MAR is located between nucle-
otides —2.7 and —1.8 kb to the 5’ side of the
human apolipoprotein B gene [Levy-Wilson and
Fortier, 1989].

Similarly, two types of nuclear matrix struc-
tures have been described: 1) An external part,
lining the interior of the nuclear envelope, with
lamins A, B, and C as the major components,
apparently mediating the topological compart-
mentalization of the peripheral chromatin [see
Hancock and Boulikas, 1982; Boulikas, 1987;
Berezney, 1991]. Direct contacts between lamins
and DNA, as determined by crosslinking with
UV [Boulikas, 1986b], along with lamin-nucleo-
some interactions [Yuan et al., 1991], are the
major determinants of this rather unspecific
chromatin binding to the peripheral nuclear ma-
trix. 2) An internal nuclear matrix component
composed of thick, highly branched polymorphic
fibers which might serve as the core structure
for the internal matrix architecture [e.g., He et
al., 1990].

Among the thousands of nuclear matrix pro-
teins, few have been identified and well charac-
terized to date. These include topoisomerase II
[Berrios et al., 1985], the chicken ARBP pro-
tein, which recognizes the consensus sequence
ATTTCASTTGTAAAA in the MAR of the
chicken lysozyme locus [von Kries et al., 1991],
the yeast ACBP protein which interacts with the

ARS element [Hofmann and Gasser, 1991],
matrin 3, an acidic protein of the rat internal
nuclear matrix network displaying a 96% iden-
tity with the human matrin 3 [Belgrader et al.,
19911, matrin F/G [Hakes and Berezney, 1991],
lamins A, B, and C, which form the peripheral
nuclear matrix [Fisher et al., 1986; McKeon et
al., 1986; Osman et al., 1990], and several oth-
ers.

Transcription factors have been described that
possess a highly negatively charged amino acid
domain. Such acidic factors include HMG 1 and
2 which contain a contiguous stretch of 41 nega-
tively charged amino acid residues [Walker et
al., 1980] and which act as general class tran-
scription factors [Tremethick and Molloy, 1986,
1988], the human and Xenopus UBF transcrip-
tion factors that contain a contiguous stretch of
55 negatively charged amino acids [Jantzen et
al., 1990; Bachvarov and Moss, 1991] and the
SPT5 and SPT6 gene products in yeast that are
essential transcription factors and display an
extremely high density of negative charges in
their N-terminal segments [Swanson et al., 1990,
1991].

Matrin 3, a component of the internal nuclear
matrix network, similarly possesses an acidic
domain [Belgrader et al., 1991]. This finding
supports our proposal that a major class of tran-
scription factors is represented by components
of the nuclear matrix that might be involved in
the removal of histones from DNA via their
negatively charged domain [Boulikas, 1992]. A
similar function has been attributed to poly-
(ADP-ribosyl)ated molecules in nuclei which are
highly negatively charged and appear at specific
sites on the nuclear matrix whenever strand
breaks occur on the DNA [see Boulikas, 1992].
Nucleosome dissolution into histones and DNA
is a well-established process found to occur at
the promoter, but not coding, region of genes
during transcription activation, thus making the
DNA accessible to RNA polymerase IT and acces-
sory proteins of the transcription initiation com-
plex [e.g. Richard-Foy and Hager, 1987; Archer
et al., 1991]. This process was proposed to occur
on facultative MARs [Boulikas, 1992]. However,
most matrix proteins, via their hydrophobic in-
teractions, might simply cause the looping out of
DNA between two matrix protein binding sites
[von Kries et al., 1991].

The nature of the DNA that anchors the vari-
ous genes to the nuclear matrix has been the
subject of vigorous studies. Its size varies from
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about 360-bp [Blasquez et al., 1989b] to 1 kb
[Jackson et al., 1990] and 7 kb [Mielke et al.,
1990]. Such figures show the same variation as
the size of replication origins that are in the
range of 35-bp for the smallest reiterated se-
quence found by Fangman and coworkers [1989]
to be autonomously replicated in yeast mitochon-
dria, to 75-bp or longer for some yeast ARS
[Broach et al., 19831, to 160-bp and 290-bp for
the SV40 and polyoma virus ORIs, respectively
[Hay and DePamphilis, 1982; Hendrickson et
al., 19871, to 6 kb for the origin of replication of
the amplified THFR gene in Chinese hamster
cells [Caddle et al., 1990] [although the core
origin of this gene seems to lie within a 450 bp
fragment; see Burhans et al., 1990]. Similarly,
the two origins used for the amplification of
chorion genes in Drosophila map within a rather
broad zone of the chorion gene domain [Del-
idakis and Kafatos, 1989].

The nuclear matrix DNA harbors AT-rich se-
guences [e.g., Mirkovitch et al., 1984; see Table
1] with intrinsically curved motifs [Anderson,
1986; Homberger, 1989]. The studies of Razin
and collaborators [1978], Matsumoto [1981] and
Neuer-Nitsche and co-workers [1988] imply that
satellite DNA might be involved in the nuclear
matrix structure. The studies of Chimera and
Musich [1985] indicate that a subset, not all
sequences, of the Kpnl long interspersed repeti-
tive DNA is associated with the nuclear matrix.
Some Alu sequences may also be MAR elements
[Small et al., 1982]. On the other hand, the blot
hybridization experiments of Mirkovitch and co-
workers [1986] suggest that the scaffold attach-
ment sites of the Drosophila chromosome are
within unique sequences.

HISTONE H1 HAS NUCLEAR MATRIX
ACTIVITIES

An unexpected twist in the nuclear matrix
field is the finding that histone H1 recognizes
the same type of sequences as total nuclear
matrix proteins, causing their precipitation in
vitro {Izzauralde et al., 1989; Boulikas et al.,
1992]. Histone H1 locks the two helical turns of
the DNA around the nucleosome [Boulikas et
al., 1980] and maintains higher-order chroma-
tin structures [Thoma et al., 1979; see Boulikas,
1992]. Histone H1 is the most abundant repres-
sor of gene activity [Croston et al., 1991; Lay-
bourn and Kadonaga, 1991]. Even physically
unconnected mononucleosomes are assembled
into higher-order chromatin structures by exog-

enous H1 [Boulikas, 1986a]. This is so in spite of
the presence of histone H1 within active genes
[Grossbach et al., 1990], but in stoichiometric
amounts about two-fold lower than in inactive
genes [Kamakaka and Thomas, 1990; Postnikov
et al., 1991].

Supposedly one copy of histone H1 per nucleo-
some [Reudelhuber et al., 1980] promotes higher-
order chromatin structures where the 1-72
amino acid domain of histone H1 interacts with
three core histones of neighboring nucleosomes
and the 73-106 amino acid segment of H1 con-
tacts histone H2A ofits ““‘own’’ nucleosome [Bou-
likas et al., 1980; Boulikas, 1992]; lower stoichi-
ometric amounts of histone H1 might break the
cooperative H1-H1 interactions [Kamakaka and
Thomas, 1990] and the H1-neighboring nucleo-
some interactions [Boulikas, 1992] that stabi-
lize the 30 nm chromatin fiber. Interactions
between histone H1 and protein transcription
factors or nuclear matrix proteins have not been
studied to a significant extent. These interac-
tions could participate in the domain chromatin
structure and in the remodeling of the attach-
ment points of chromatin loops to the nuclear
matrix believed to occur during development.

HMG I, an activator of gene expression and
histone H1 which compete with one another for
binding to nucleosomes [Boulikas and De-
schénes, in preparation], share an 11 amino acid
DNA binding domain peptide (TPKRPRGRPKK)
called AT-hook, which is directed toward the
minor groove of DNA [Reeves and Nissen, 1990;
Reeves et al., 1991]. This property may deter-
mine the specificity of histone H1 for binding to
distinct restriction fragments from gene clones
[Berent and Sevall, 1984; Ristiniemi and
Oikarinen, 1989] that seem to be the same frag-
ments preferred by nuclear matrix proteins
[Izaurralde et al., 1989; Boulikas et al., 1992). It
remains to be determined what type of interac-
tions between histone H1, HMG I, and matrix
proteins prevail at attachment sites of chroma-
tin loops of specific genes in vivo.

HOMEOTIC PROTEINS AND DEVELOPMENT

The homeodomain was first described as a
conserved 61 amino acid segment of Drosophila
proteins that regulate development [McGinnis
et al., 1984a,b; Laughon and Scott, 1984; Scott
and Weiner, 1984]. Most homeobox genes that
encode for homeotic proteins possess, in their
far upstream, immediate upstream, or down-
stream regulatory regions, binding sites for ho-
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TABLE II. Homeodomain Protein Recognition and Binding Sites From DNase I Footprints

DNA Sequence Protein which binds Reference

ATTA Core sequence in recognition sites of  Odenwald et al.
homeodomain proteins. Recognized [1989]
by the conserved amino acids Arg-3,
Arg-5, Ile-47, and Asn-51

CAATTA Homeodomain proteins with Glu-50  Hanes and Brent

CCATTA [1991]

GGATTA Homeodomain proteins with Lys-50  Hanes and Brent
[1991]

TAATGAnAT Oct-1 Herr et al. [1988]

TTAAAATTCA Oct-3, Oct-4 Schoéler et al. [1989],
Okamoto et al.
[1990]

AACAATTACAAA Hbox 1 Xenopus homeotic protein Cho et al. [1988]

GGCAATTAAACT

(XenopusHbox 2 gene promoter)

CGTTTTATTAGG HOX4D human homeotic protein Zappavigna et al.

CATTAATC [1991]

TATAATC

CATAAAATTTTTATTG

AGGCATAATATCATTAC

(human HOX4C homeotic gene promaoter)

GGTTAATRATTAAC Hepatic nuclear factor 1 (HNF 1) Frain et al. [1989],

homeodomain protein De Simone et al.

[1991]

TAAATTAAATGTCAATTAAATATCAATCAATT  Engrailed Drosophila homeotic Desplan et al. [1988]

-21nt-ACATTTAACTGGTTAATTGAAG protein

5' flanking region (~ —700) of the Drosophila en-

grailed gene)

Consensus: TCAATTAAAT

TCAATTAAAT-59bp-CCAATTAGCC-19bp-
CTAATTAGAG
within intron 1 of engrailed gene

Engrailed fusion protein binding site  Desplan et al. [1988]

(TAATAA)N Ultrabithorax Drosophila homeotic Beachy et al. [1988]
(TAATCG)n protein

in clusters of 40-90 bp far upstream of the Anten-
napedia gene

GGGATTAGA

upstream of hunchback gene

GATTTTTTAATG

Drosophila bicoid gene product, (Bi-
coid protein) necessary for estab-
lishing anterior-posterior polarity

Drosophila hunchback gene product

Driever and Nus-
slein-Volhard
[1989])

Qian et al. [1991]

(bithorax region enhancer)

CAATTAAATATCAATCAATTTC Drosophila even-skipped gene Hoey and Levine
CATTTAACTGGTTAATTG product [1988]
TCATTTAAATTAAAAC

(5’ regulatory region of Drosophila engrailed

gene)

continued
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TABLE II. Homeodomain Protein Recognition and Binding Sites From
DNase I Footprints(continued)

DNA Sequence

Protein which binds Reference

ATGGTCATAAATCAAATTGT
Distal upstream enhancer (—1,400) of dopa decar-
boxylase gene

GGTACATTAATGGATTATCCCTTTAAATGT
GCGA
Upstream region of the a-specific STE6 yeast gene

Footprint of the Drosophila Cfla
POU domain gene product, a neu-
ron-specific transcription factor

Binding site of the yeast o2 protein,
product of the MAT«2 gene a nega-
tive reductor of a-specific genes

Johnson and Hirsh
[1990]

Johnson and Her-
skowitz [1985]

meotic proteins (see Table II). This strongly
suggests the presence of a complex network of
auto- and cross-regulatory interactions among
homeotic proteins and homeobox genes. A rela-
tively large number of other cellular genes, espe-
cially those whose expression pattern is altered
during development, are expected to contain
homeotic protein binding sites in their regula-
tory regions. The interplay of homeotic proteins
with other transcriptional protein factors, their
number of copies in the nucleus, and their affin-
ity for a given regulatory site would determine
which proteins will occupy the regulatory re-
gions of a gene. Variations in this are expected
among different cell types and stages of develop-
ment [McGinnis and Krumlauf, 1992].

The structure of the homeodomain-DNA com-
plex has been solved by X-ray crystallography
[Kissinger et al., 1990]. The homeodomain is
responsible for the recognition of the ATTA core
nucleotide sequence on DNA involving two argi-
nine residues at positions 3 and 5 which make
contacts with the two consecutive thymines of
the ATTA motif in the minor groove. Contacts
in the major groove of DNA involve an isoleu-
cine at position 47 (which makes a hydrophobic
contact with the methyl group of a thymine), an
asparagine at position 51 (which establishes two
hydrogen bonds with an adenine), and a
glutamine at position 50 (which makes van der
Waals contacts with a thymine methyl group
but also with several different positions near the
5' side of the ATTA motif, mostly including the
CAATTA and CCATTA motifs) [Odenwald et
al., 1989; Kissinger et al., 1990]. Replacement of
glutamine at position 50 with lysine directs the
homeodomain to the GGATTA core element
[Hanes and Brent, 1991]. Thr-6, Tyr-25, Agr-31,
Trp-48, Arg-53, Lys-55, and Lys-57 establish
contacts with the six phosphate groups of DNA
over a stretch of 9 bp [Kissinger et al., 1990].

DNase 1 footprinting experiments using puri-
fied homeotic proteins and regulatory sequences

of homeotic genes have identified their cognate
binding sites on the DNA (Table II). One major
class of homeodomain proteins include in their
core recognition sequences the ATTA [see Scott
et al., 1989], ATTTA, and ATTTTA motifs, as
well as their complementary TAAT, TAAAT,
and TAAAAT motifs (Table II). For example,
such motifs are recognized by the gene products
of the Drosophila engrailed and even-skipped
[Desplan et al., 1988; Hoey and Levine, 1988],
Antennapedia [Miiller et al., 1988], and hunch-
back [Qian et al.,, 1991]. The homeotic gene
complex ultrabithorax (Ubx), located in the bitho-
rax complex of Drosophila, encodes a family of
closely related proteins that direct the fates of
one another, of other homeotic genes, and very
possibly of a number of other developmentally
controlled or cell type-specific genes. One of the
Ubx proteins has been shown to bind to tandem
repeats of the trinucleotide TAA or the related
hexanucleotide TAATCG which both occur in
clusters, 40-90 bp in size, far upstream of the
Antennapedia gene [Beachy et al., 1988].

In addition, several mammalian homeotic pro-
teins recognize the above-mentioned core motifs
including the Oct-1 transcription factor [Herr et
al., 1988], the mouse Hox-1.3 homeotic protein
[Odenwald et al., 1989], the homeodomain-
containing hepatic nuclear transcription factor
1 (HNF 1) {Frain et al., 1989], and the human
HOX 4D homeotic protein [Zappavigna et al.,
1991]. The Xenopus Hbox 1 homeotic protein
displays a similar specificity [Cho et al., 1988].

The helix-turn-helix motif that is present in
the homeodomain of homeotic proteins [Qian et
al., 1989] binds to the major and minor groove of
DNA [see Triesman et al., 1992]. Homeotic pro-
teins form dimers [Kissinger et al., 1990], like
other transcription factors {e.g., Marmorstein et
al., 1992], with the second helix of each helix-
turn-helix motif fixed on either half in the major
groove of a palindromic recognition sequence
[Pabo and Sauer, 1984]. X-ray crystallography
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of homeotic protein-DNA complexes [Kissinger
et al., 1990] has revealed that the 61 amino acid
homeodomain interacts directly with about 12
bp of DNA centered around the ATTA core
motif. However, the C- and N-terminal parts of
the intact homeotic protein might bind a stretch
of DNA longer than 12 bp [Kissinger et al.,
19901].

The size of the DNase I footprint of a single
transcription or replication protein factor on the
DNA is about 24 nucleotides (nt) for the E1
protein on the ORI of bovine papillomavirus
[Ustav et al., 1991], 26 nt for the T antigen on
SV40 ORI [Hay and DePamphilis, 1982], 24-30
nt for the Xenopus Hbox 1 protein [Cho et al.,
1988], and 18 nt for the Oct-3 factor [Okamoto
et al., 1990]. The six proteins that interact with
one another on the promoter region of the mouse
albumin gene occupy all together a stretch in
length of 133 bp of DNA, with individual sites
19-25 nt in some instances overlapping by 2-6
nt [Lichtsteiner et al., 1987]. DNA methylation
protection experiments show that a protein fac-
tor binds tightly to and protects guanines and
adenines over a stretch of 9 nt against dimethyl
sulfate [e.g., Miiller et al., 1988]. X-ray crystal-
lography of the yeast transcriptional activator
GALA4 shows that the protein binds as a dimer to
a symmetrical 17 bp sequence [Marmorstein et
al., 1992] and that the single 61 amino acid
homeodomain recognizes 9 bp of DNA [Kissing-
er et al., 1990]. It might thus be expected that
the center-to-center distance between ATTA and
ATTTA motifs would be in the range of 10-30
nt, to allow for interaction of the proteins bound
to them with one another. This is consistent
with the spacing of these motifs on MARS (Ta-
ble I).

ORIGINS OF REPLICATION ARE ATTACHED
TO THE NUCLEAR MATRIX

Origins of replication appear associated with
the nuclear matrix [Berezney and Coffey, 1975;
Pardoll et al., 1980; Aelen et al., 1983; Razin et
al.,, 1986; Carri et al., 1986; Dijkwel and Hamlin,
1988; Vaughn et al., 1990]. The activation of a
fraction of the 60,000 or so potential ORIs
present in a single mammalian nucleus are
tightly linked to the transcriptional activity of
neighboring genes. Active genes are thought to
be replicating from an origin of replication that
is 5' to the gene in cell types expressing this
gene; on the contrary, an origin of replication
downstream to the gene is used for its duplica-

tion in cell types not expressing this gene
[Trempe et al., 1988; Leffak and James, 1989].
Replicons and supercoiled chromatin loop do-
mains seem to coincide in their sizes [Buongior-
no-Nardelli et al., 1982]. Examples may be found,
however, where a large domain known to be a
single replicon is divided into smaller looped
DNA domains. Brown and collaborators [1987]
have shown that the 300 kb murine immuno-
globulin heavy chain gene locus is a single repli-
con; yet the studies of Cockerill [1990] clearly
show that 200 kb of this domain are divided into
four looped domains of 30, 20, 30, and greater
than 70 kb in length.

The data in Table III suggest that specific
regions, shown in some cases to interact with
regulatory proteins and found within the mini-
mal sequence that functions as an origin of
replication, contain ATTA and ATTTA motifs.
These data suggest that the differential activa-
tion of origins which occurs during development
might indeed be regulated on the nuclear ma-
trix.

CONCLUSION

The observation presented here is that nu-
clear matrix attachment sites found in specific
AT-rich regions of genes that are responsible for
the domain structure of chromatin possess the
ATTA core DNA sequence element and other
similar core DNA sequence elements that are
recognition sites of homeodomain proteins. The
same core motifs are found in the origins of
replication of yeast, viruses, mitochondria, chlo-
roplasts, and some defined mammalian origins
of replication (Table III). There is a lack of
vigorous DNase I footprinting studies of individ-
ual (or of a mixture of) nuclear matrix proteins
bound to the DNA showing that some of them
specifically interact with or include in their site
of interaction, the ATTA core motif. The present
study suggests that such proteins exist. Indeed
the MAR of the human apolipoprotein B gene is
almost entirely composed of a contiguous stretch
of 555 bp made of a mosaic of the TAAT, TAAAT,
ATTA, ATTTTA, TAAAAT, and ATTTA motifs
[Table I; Levy-Wilson and Fortier, 1989]. This
stretch needs to interact with unidentified nu-
clear matrix proteins in order to anchor the 3’
flanking region of the gene to the nuclear ma-
trix.

The conclusion of this study is that the nu-
clear matrix controls the differential gene expres-
sion during development. This adds a new dimen-
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TABLE II1. Origins of Replication
DNA Sequence Type of origin Reference
ATTTATATTTA S.cerevisiae autonomously repli- Broach et al. [1983]
T G T cating sequence (ARS)
TAAT-31nt-ATTAATATAT-35nt-ATTTTTTTAT Yeast ARS Figure 1 in Broach
GTTTTTTTAAAACATTAAAG et al. [1983]
Thick bar shows a palindrome; the 11 bp stretch ho-
mologous to ARS consensus is underlined
ATTTATTTG-31nt-TATTAAA-24nt- Yeast ARS Figure 2 in Broach
ATTTAATACCTAAATATAAAAAA et al. [1983]
TGTTATTATATTG
ATAAATATTAATTAA S.cerevisiace HMR-I ARS Amati and Gasser

AVTAATAVTTAATTAA
TTTTATATTVAGGTA

ATYTATATVTAGTAA

AATTTATTTAA

CATCATCAATAATATACCTTATTTTGGAT
TGAAGCCAATATGATAATGAGGGGG
TTTATTTATTAATTATTAATATTTT
GGGGAATTTTAGG

ATAATTTGGAAAAT
CTAATAAAAATGTGATTTTG
AATABATAAA

AGTAAATAAA
TGAATAATTGTTGTTAACAATAATC

GAATTATTTC
CCATYACCGG
GTTCAYTAGC
GGTTAATTTTCA

GAAAAAATAATARTAATTG
GATTTACTGG

TTCTTTATAACTATATTATG
GAAAAAATTATTTTG

CTTAARTTGGG

TGATAAATCA
ATTCTTAATATTTTG

550 TAAAATAAATTAAAAAATTA
ATTAATTAAAAAAG

1816 GTTAATATTAT-42nt-CATTATAAG-31nt-
ACATTTAGATTAG-Int-TAAAATACA

3412 GTAAATAGTCTTAAAAGCCCATAAAAT
GACTCAAAACTAGTTTTTTTATTATTATTATTAG
(motifs directing DNA curvature are underlined)
3765 (TA)ys-10nt-TATTTATGCATATAAAAA
TAAAATAAATTCT o

S.cerevisiae HMR-E ARS

S.cerevisiae ARS2

S.pombe ARS
Adenovirus 2 and 4 ORS

Sequences within the ARS2 of To-
bacco chloroplast genome

Sequences within the ARS1 of To-
bacco chloroplast genome

Yeast histone H4 gene origin of
replication

Bovine papillomavirus (BPV) ori-
gin of replication

Motifs from the origin of replica-
tion of the human c-myc gene

Putative origin of replication ORS
17 of an unknown gene from
monkey CV-1 cells

ORB24

ORS 25

Sequences from the 6 kb ORI of
the amplified Chinese hamster
DHFR

[1988]

Amati and Gasser
{1988]

Amati and Gasser
[1988]

Umek et al. [1989]

Hay [1985], Pruijn
et al. [1986]

Shinozaki et al.
[1986]

Shinozaki et al.
[1986]

Amati and Gasser
11988]

Ustav et al. [1991]

Iguchi-Ariga et al.
[1988]

Landry and Zannis-
Hadjopoulos
[1991]

Landry and Zannis-
Hadjopoulos
[1991]

Landry and Zannis-
Hadjopoulos
[1991]

Caddle et al. [1990]

continued
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TABLE II1. Origins of Replication (continued)

DNA Sequence

Type of origin Reference

GATTATATATATAATATATTATTGG

CCAATATATATATATATTATTAGG

CCAATAATATATATATTATTAGG

TATTATTATATATATATATATTATAT
TATATAATTTATTATTTTATATATATATATATA
TAATTTATTATTATATATATATATATTATAT
TATATAATTTATTATTTATATATATATATATA
TAATTTATTA

The 35nt smallest reiterated sequence which is repli-
cated in yeast mitochondria is in grey

14 GTATTTATTTTTTTITAATC

5,077 CTTAAAATAGAAAATGT
(region o)

5,149 CTTTTAATTAGTTG
(region B)

5,269 TGTTTTTTTTAGTATTAAGC

ori-core
101 CCAAATTGATATAATTAAGC
T-antigen binding site

ORI of Marek’s disease virus

DNA sequences motifs from poly-

Camp et al. [1991]
(MDV) causing malignant T-cell
lymphoma in chickens

HSV-1 oris See Camp et al.
[1991]
HSV-1 orilL See Camp et al.
[1991]
Footprint of ABF2 (HMG1-like Diffley and Stillman
protein) from yeast mitochon- [1992]
dria on the yeast chromosomal
origin of replication ARS1
Core ORI of SV40 between the two Hay and De Pam-
T-antigen binding sites philis [1982]

Hendrickson et al.
oma virus core origin and en- [1987]

hancers

sion to the demonstrated role of the nuclear
matrix in active DNA replication (see above). It
can be speculated that nuclear matrix might be
involved in the differential activation of origins
of replication during development. Of the total
number of potential origins of replication that
are present in each cell, only of fraction are ac-
tivated at a given developmental stage [Sprad-
ling and Orr-Weaver, 1987]. A decrease in the
number of active ORIs takes place during devel-
opment [Callan, 1973]. The differential activa-
tion of ORI sequences among established cell
types of an organism is thought to play a role in
the differential gene expression [Trempe et al.,
1988; Leffak and James, 1989].

In addition, gene activity is responsible for the
differential timing of replication of the various
active and inactive genes during the S-phase of
the cell cycle [Holmquist, 1987; Ferguson et al.,
1991]. Since both transcription and replication
seem to occur on the nuclear matrix [see Bouli-
kas, 1987], nuclear matrix might also be in-
volved in determining the timing of replication
of the various chromatin fractions during the
S-phase. The order of replication of genes dur-
ing S-phase might have an importance during

development: active genes which are replicated
first might deplete the cell nucleus of the tran-
scription factors that will become less available
for binding to the regulatory regions of the
late-replicating genes. Thus, the roads between
the timing of gene replication during S-phase,
the differential activation of ORIs during devel-
opment and the involvement of homeodomain
proteins in differential gene expression and in
pattern formation during development may in-
deed cross within the nuclear matrix.
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