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Homeodomain Protein Binding Sites, Inverted Repeats,
and Nuclear Matrix Attachment Regions Along the
Human B-Globin Gene Complex

Teni Boulikas
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Abstract B-Globin genes in primates arose during evolution by duplication of an ancestral gene, and their order
of arrangement along the DNA is related to their timing of expression during development. We believe that nuclear
matrix anchorage sites (MARs) along the B-globin gene complex considered to be mass binding sites for transcription
protein factors, some of which are developmental stage specific and others ubiquitous, play a decisive role in cell
memory by determining the developmental stage-specific expression of the genes. The AT-rich class of MARs appears to
possess a significant number of ATTA and ATTTA motifs known to be mass binding sites for homeodomain proteins that
determine body formation in development. MARs also appear to harbor origins of replication, to be enriched in inverted
repeats (dyad symmetry motifs) and were proposed to include the DNase | hypersensitive sites of a particular gene
determined at the chromatin level. This study is an attempt to finely identify MARs at the nucleotide level along the
B-globin gene complex. Searches of a contiguous stretch of about 73.3 kb of human sequences comprising and
surrounding the e-, y%-, y*-, 8-, and B-globin genes of the human B-globin gene complex for homeotic protein binding
sites as well as for inverted repeats has shown that these elements are clustered nonrandomly at particular sites within
the B-globin gene complex. These sites are presumed to be the AT-rich class of MARs of the B-globin gene complex. The
inverted repeats which are characteristic of origins of replication and some promoter/enhancer regions and the
homeotic protein sites seem to include the DNase | hypersensitive sites of the gene complex. Indeed, dyad symmetry
sequences are present close to the four DNase | HS sites in the locus control region (LCR) of the gene complex as well as
in the 5’ flanking regions and the large introns of the 8- and B-globin genes. A search of the putative MAR regions of the
gene complex suggests that, in addition to their enrichment in ATTA motifs, palindromes, and DNase | hypersensitive
sites, these regions may comprise TG-rich motifs and potential Z-DNA as well as polypurine and polypyrimidine blocks.

From the positions of palindromes and clusters of homeodomain protein sites along the complex we propose that an
extended origin of replication able to initiate at several sites is present in the LCR and two others surrounding the 3- and
B-globin genes. Furthermore, we propose that DNase | HS sites, potential Z-DNA, polypurine and polypyrimide
stretches, TG-boxes, homeodomain protein sites, and dyad symmetry motifs may be features diagnostic of MARs. This
analysis supports a model which predicts that facultative matrix anchorage sites containing homeotic and other
transcription protein factor binding sites might anchor the e-, y-, and B-globin genes in embryonic, fetal, and adult
tissue, respectively, and might thus regulate the ordered developmental expression of the genes in the B-globin gene
complex. ¢ 1993 Wiley-Liss, Inc.
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Scaffold attachment regions (SARs) along ge-
nomic DNA were first observed by Paulson and
Laemmli [1977] on electron micrographs of mi-
totic chromosomes depleted of their histones.
Interphase chromatin, like mitotic chromo-
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somes, is also organized into loops or domains
[see Hancock and Boulikas, 1982; Berezney,
1991]. This organization is brought about by the
anchorage of specific DNA sequence landmarks
termed MARs (matrix-attached regions) to a
network of protein cross-ties of the nuclear ma-
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trix [Mirkovitch et al., 1984, 1988; Cockerill and
Garrard, 1986]. MARs are believed to facilitate
the proper expression and replication of DNA
during the cell cycle, to govern the cell type-
specific expression of genes and the activation of
different origins of replication during develop-
ment, to define the borders between vicinal chro-
matin domains, and to play a major role in DNA
recombination [Dworetzky et al., 1990; see Bod-
nar, 1988; Fey et al., 1991; Villarreal, 1991;
Boulikas, 1992a,b].

MARSs may be located in the vicinity of tran-
scriptional enhancers [Cockerill and Garrard,
1986] and may display enhancer activity in trans-
fection and transgenic experiments [Xu et al.,
1989; Blasquez et al., 1989a; Stief et al., 1989;
Phi-Van et al., 1990; Klehr et al., 1991]. Ends of
transcription units are flanked, in some cases,
by a MAR [Mirkovitch et al., 1984; Dijkwel and
Hamlin, 1988; Phi-Van and Stritling, 1988].
This MAR, as a permanent component of the
nuclear matrix, is supposed to bring the pro-
moter region of its gene in contact with transcrip-
tion factors that are linked with the MAR ele-
ment on the nuclear matrix, causing looping out
of the DNA between the MAR and the 5’ end of
the gene [Boulikas, 1992a]. This makes it likely
that MARs have a functional role. In addition,
MARSs harbor origins of replication (ORIs) (see
Discussion). The differential activation of ORIs
during development might be responsible for
establishing cell memory (i.e., the cell types of
the body and the differential gene expression)
[Spradling and Orr-Weaver, 1987]. In agree-
ment with this idea, active genes depend on a 5’
flanking ORI for their replication, whereas inac-
tive genes are believed to be transcribed from an
ORI to the 3’ end of the gene [Leffak and James,
1989]. Our view of the nuclear matrix DNA
(MARs) is that of a mass binding site of transcrip-
tion and replication factors; indeed, nuclear ma-
trix is the principal site of transcription, replica-
tion, repair, and recombination [Berezney, 1991;
Boulikas, 1987, 1992a—d].

3-Globin genes seem to have arisen by duplica-
tion of a single ancestral B-globin gene about
200 million years ago. The 5" member of these
duplicated genes is the ancestor of the € and y
genes and the 3' member is the ancestor of the §
and 3 genes. The € and v genes, which separated
about 120 million years ago, and the & and
genes, which separated at about the same time,
gave rise to an ancestral four-gene system that
appears to be the B-globin complex precursor in

all mammalian species [Hardies et al., 1984; see
Collins and Weissman, 1984]. Short, direct re-
peats flanking the coding regions might have
played an important role in the generation of
deletions in the coding and noncoding regions of
genes in the B-globin gene complex [Efstratiadis
et al., 1980]. Genes in the human B-globin gene
complex have been sequenced [see Collins and
Weissman, 1984]. Sequence data include 16 kb
of DNA 5’ to the human e-globin gene [Li et al.,
1985], the embryonic e-globin gene [Baralle et
al., 1980], the fetal v& and v2 genes [Shen et al.,
1981], the pseudogene ¢® [Shen and Smithies,
1982], and the 3B-globin genes [Poncz et al.,
1983]. B-Globin genes have been extensively
studied and present a unique model system to
study the ordered expression of developmentally
controlled genes.

In the present study, the contiguous 73.3 kb
of sequence information spanning the locus of
the B-globin gene complex is analyzed for the
presence of inverted repeats (also called palin-
dromes or dyad symmetry motifs) and homeodo-
main protein binding sites which were sug-
gested to be abundant in the AT-rich class of
MARs [Boulikas, 1992b]. This search suggests
the positions of putative MARs along the gene
complex, information useful for a better under-
standing of the mechanisms that control the
coordinate expression of the genes in the com-
plex during development.

RESULTS

ATTA and ATTTA Motifs Are Characteristic of
Origins of Replication (ORIs), Homeodomain
Protein Binding Sites, and the AT-Rich
Class of MARs

A striking similarity exists between AT-rich
sequence motifs which are recognition sites of
homeotic proteins, matrix attachment regions,
and elements in the core sequence of replication
origins [see Tables I-III in Boulikas, 1992b].
For example, the ATTA and ATTTA elements
are present in the recognition sequences of the
human homeotic HOX4D protein [Zappavigna
et al.,, 1991], the mouse Hox-1.3 homeotic
protein [Odenwald et al., 1989], the Oct-1
homeobox-containing transcription factor [Herr
et al., 1988], several Drosophila homeotic pro-
teins [Beachy et al., 1988; Desplan et al., 1988;
Florence et al.,, 1991; Qian et al., 1991]. In
addition, the ATTA and ATTTA core elements
occur in the matrix attachment region of the
Chinese hamster DHFR gene [Kés and Chasin,
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19871, the human HPRT gene [Sykes et al.,
1988], and within the topoisomerase II cleavage
sites of the mouse k gene [Blasquez et al., 1989b]
and in the chicken a-globin gene [Farache et al.,
1990]. What is more striking, the 3' MAR of the
human apolipoprotein B gene is a mosaic of
TAAT and TAAAT motifs [Fig. 1 in Boulikas,
1993]. The ATTA and ATTTA motifs are also
found in the origin of replication of adenovi-
ruses 2 and 4 [Hay, 1985], ORIg of HSV1 [Stow
and McMonagle, 1983], ORI}, of HSV1 [Weller et
al., 1985], the ORI;,; and ORIy ; of HSV2 [Locks-
hon and Galloway, 19861, the origins of replica-
tion of SV40 and polyoma viruses [Prives et al.,
1987], and in several other ORIs. Thus, the
ATTA and ATTTA elements are shared between
ORI, MAR, and homeotic protein recognition
sequences, suggesting that nuclear matrix is
involved in the differential activation of origins
of replication during cell type determination in
development [Boulikas, 1992b].

Search for Matrix Anchorage Binding Sites Along
the B-Globin Gene Complex

We have screened a contiguous stretch of 73.3
kb of human sequences including and surround-
ing the five globin genes for the presence of
potential homeotic protein binding sites (HO-
MEOs), MARs, and origins of replication (ORIs).
This article points out that HOMEOs, MARs,
and ORIs are related and may, in some cases, be
represented by a common sequence. To do so, we
have applied a set of several rules [Boulikas,
1993], most of which ought to be satisfied by a
stretch of 100-1,000 bp of DNA in order for this
sequence to be classified as a MAR. These rules
were set from sequence analysis of the MARs
identified in the various genes in experimental
work by others (see introduction) as well as
from work in our own laboratory using random
sequencing of cloned human, mouse, rat, and
cat matrix attachment sites [Boulikas and Kong,
in press].

Potential Homeodomain Protein Binding Sites
Within the B-Globin Gene Complex

Figure 1 shows homeotic protein binding sites
along the 73.3 kb B-globin gene locus. The core
recognition sites of homeodomain proteins, ori-
gins of replication, and MARs listed in Tables
I-III in Boulikas {1992b] were utilized to screen
the B-globin gene complex using a Sun worksta-
tion computer. Sequences were 6—8 nucleotides
long. These include homeodomain protein bind-

ing sites on promoter sequences from mamma-
lian, Xenopus and Drosophila species. Sequences
from homeotic protein footprints usually having
a length of 8-24 nt were broken down to 8 nt
motifs. The core sequences of the actual DNase I
footprints of the homeotic proteins were used
here. Such an analysis is limited by the fact that
only a few homeotic protein binding sites have
been determined today, most of which are from
Drosophila. However, the fact that the homeobox
sequence, which is the actual DNA binding site
of homeodomain proteins, is highly conserved
among species as distant as flies and humans
[see Levine and Hoey, 1988] and the fact that
many homeodomain proteins recognize the core
ATTA sequence [Scott et al., 1989] suggests that
the results of our search are significant.

Figure 1 shows that homeodomain protein
binding sites (HOMEOQs) are nonrandomly dis-
tributed but are clustered at characteristic sites
within the gene complex. Several clusters of
such motifs are present in the LCR region (1.0—
16.0 kb region in Fig. 1). Three other clusters of
HOMEOs are in the e-y# intergenic region
(around the 22.6, 32.0, and 37.4 kb regions), two
3’ to the ¢ gene (around positions 48.0 and 51.0
kb of the gene map), and one each in the large
intron of 8- and B-globin genes. Two eminent
clusters of HOMEOs are in the 3-8 intergenic
region (around the 58.0 and 60.5 kb regions).
Finally, one HOMEO cluster is present in the
69.5 kb site within an L1 repeat and another in
the 72.8 region to the 3’ side of L1.

Palindromic Sequences Within the B-Globin
Gene Complex

Figure 2 shows potential cruciform structures
along the 77.3 kb domain of the B-like globin
genes. Using a program developed by Dr. Alex-
ander Milosavljevic, 22 potential palindromic
structures were detected which appear to be
nonrandomly distributed along the B-globin gene
complex. Of these, the ten first palindromes fall
within the LCR region, most of them very close
to the four DNase I hypersensitive sites. Of the
others, #11 lies ~ 2 kb to the 5’ end of the
e-globin gene, #13 and #14 lie ~ 2.3 kbto the 5’
end of the ® gene, #16 lies ~ 1 kb to the 5’ end
of d-globin gene, #17 and #18 within the large
intron of the 3-globin gene, #19, #20, #21 at,
respectively, ~ 1.8, ~ 0.57, and ~ 0.55 kb 5’ to
the B-globin gene, and finally, #22 within the
large intron of the B-globin gene (Fig. 2). Recent
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Fig. 1.

Homeotic protein binding sites, MARs, ORIs, and

palindromes in the human B-globin gene locus This figure 1s 1n
scale Each of the four horizontal lines represents 20 kb of DNA
The €, ¥4, v*, P, 3, and B gene exons, three in each gene, are
shown as solid boxes The Alu and L1 repeats are shown in gray
L1C (L1 complementary) represents an L1 repeat in the oppo-
site orientation Sohd arrows represent the DNase | hypersensi-
tive sites, open arrows Indicate the position of palindromes (see
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data by Dayn and collaborators [1992] have
shown that the sequence d(A-T)4 similar to
palindromes 6 and 16 (Fig. 2), when inserted
into the promoter region of a gene, can provoke
its conversion into a cruciform structure in bac-
teria by transcription-driven negative supercoil-
ing.

On the basis of the specific sites where strong
palindromic sequences are present, it is sug-
gested that at least three potential origins of
replication are present: a broad one in the LCR;
a second in the 3-globin; and finally a third in
the B-globin gene (large intron and 5’ flanking
region of the B- and 3-globin genes). The LCR
origin might be active in cells of the embryonic
volk sac which express the e-gene whereas the
putative B- and 8-globin gene origins might be
actively used in adult bone marrow tissue cells
expressing the B- and 8-globin genes. A fourth
putative origin in the distal 3’ flanking region of
the B-globin gene might be used in nonerythroid
tissues for the replication of the entire B-globin
gene complex.

Potential MAR/Homeodomain Protein Binding
Sites in the LCR Region

The locus control region (LCR) located about
50 kb upstream from the p-globin gene and ~ 7
kb upstream from the e-globin gene is a region
of several kb that contains four or five DNase I
hypersensitive sites and dictates the ordered
expression of the five globin genes (e, v&, v4, 8,
and B) [Tuan et al., 1985; Forrester et al., 1986,
1987; Grosveld et al., 1987; see Townes and
Behringer, 19901.

About 1.0 kb of 5" and 3’ flanking sequences of
human v- and B-globin genes will drive a low-
level correct tissue-specific and developmental
stage-specific expression of these genes in trans-
genic mice [Townes et al., 1985; Chada et al.,
1986; Kollias et al., 1986]. However, the LCR
region is essential for the high-level expression
of these genes. Thus, LCR seems both to orga-
nize the chromatin of the B-globin gene complex
into an open conformation as well as to act as a
powerful enhancer for the transcription of e-, y-,
and B-globin genes [see Townes and Behringer,
1990; Felsenfeld, 1992].

Figures 3 and 4 show part of DNA sequence
motifs from the LCR which include the DNase I
hypersensitive sites 4 and 2. These putative
MARS contain palindromes (overlined in Figs. 3,
4), GA-rich and TC-rich stretches with the poten-
tial to form triplex DNA, and TG-boxes. In addi-

tion, the TG, TA, and CA dinucleotides known
to kink DNA when spaced at 0.5 or 1.0 helical
turns and to be overrepresented in protein tran-
scription factor recognition and binding sites
[see Boulikas, 1993] are outlined. These regions
also possess a certain number of ATTA and
ATTTA motifs (boxed) (see also Fig. 1).

Figures 3 and 4 do not exhaust all potential
MARs of the B-globin gene complex. Figure 1,
indeed, shows that additional clusters of
homeodomain protein binding sites which might
be potential MARs are present in the region
surrounding the DNase I-HS site 1, the 5’ flank-
ing region of v5, a flanking region to the 3’ side
of the B-globin gene which falls within an L1
repeat, and others.

It will be interesting to theoretically search, in
addition to the homeodomain protein sites, for
the binding sites of all transcription factors
known today along the B-globin gene complex.

DISCUSSION
Comparison of Our Finding With Others

Our search along the sequenced 73.3 kb long
stretch of DNA comprising and surrounding the
B-globin gene complex suggested that globin
genes may contain MAR-like sequences in their
upstream large intron and downstream regions.
Long MAR-like sequences are present in the
upstream locus control region (LCR), including
the DNase I hypersensitive sites that are sug-
gested to delineate the 5’ border of the B-globin
gene domain. Strong internal MARs (facultative
or functional) are suggested to be present in the
upstream ¢ region, as well as in the upstream
large intron and 3’ flanking regions of the 8 and
[3 genes.

Jarman and Higgs [1988] have studied the
distribution of segments from the human B-glo-
bin gene complex among matrix-bound (pellet)
and nonbound (soluble) fractions after fraction-
ation of nuclei. Their method of nuclear matrix
isolation includes removal of histones from DNA
with 25 mM LIS (lithium diiodosalicylate) fol-
lowed by incubation of the resulted halos of
nuclei with restriction enzymes (EcoRI, Bglll,
or HindIIl) for 3-5 h, a method resulting in
solubilization of ~ 75% of the DNA, leaving 25%
of DNA crosscomplexed with nuclear matrix
proteins. In spite of the possibility that the long
time of incubation of nuclei halos with restric-
tion enzymes (3—5 h) can cause nuclear matrix
disassembly into protein and DNA components
leading to potential artifacts, their data have
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ATG n,,, G[TAATAAT| AAAAATAACTGACA T[TTATTIG n,, TG

TAATTA|GTGCTT TGCA |[TAATTAATICATATT|TAATIAC n,, ATAC T

ATTATTA [TCCCCATTTTACTAC AGTTA n,, CATACACTCTCACACAGC

ACAAACATAAACTACTAGCAAATAGTAGAATTGAGATTTGGTCC

palindrome
TAATTA[TG n,, CAAlTAAAﬂATTTAIITG n, TGTT[TAAATTTAIAG

stretch of TC -nich
TG box
o GACTAAAAA[ATTAICACT[TTATTICG n,, TGTGGAGAAGGGGTG

TG-box GA-rich

GTGGTTTTGATTG 2922

Fig. 3. Potential MAR/homeotic protein binding sites (HO- protein recognition sites [see Boulikas, 1993] are outlined Ann
MEQs) in the LCR region surrounding the DNase 1 hypersensi- followed by a number indicates the number of nucleotides
tive site 4 (far upstream) of the human B-globin gene complex between two sequence motifs The DNase | HS site 4 1s indi-
HOMEOs in region from nucleotide 91 to nucleotide 2,922 cated with an open arrow Potential left-handed DNA 1s under-
such as ATTA and ATTTA are boxed, whereas TA, TG, and CA lined and palindromes are double-overlined

dinucleotides which cause kinks and are overrepresented in
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identified large segments (several kb in size)
within the B-globin gene complex associated with
the nuclear matrix. However, in a recent study,
no matrix attachment sites were found within a
region starting 7.5 kb 5’ to the e-globin gene and
ending 4 kb 3’ to the B-globin gene [Bartjeliotou
and Dimitriadis, 1992].

Our computer-assisted searches for HOMEOs
(Fig. 1) and palindromes (Fig. 2) in the human
B-globin gene complex give clusters of such mo-
tifs at positions, most of which coincide to those
regions identified by Jarman and Higgs [1988].
These authors have detected strong attachment
sites within two large EcoRI restriction frag-
ments of 5.5 and 3.8 kb surrounding the adult-
specific B-globin gene. In addition, matrix attach-
ment sites were detected at a 8.2 kb Bglll
fragment surrounding and including the §-glo-
bin gene as well as at a 4.1 kb Bglll fragment
composed of the entire $# gene and some down-
stream sequences. Weak MARs were found at
the vG-gene, and no sites at the y*-gene. Finally,
a strong MAR was detected in the far upstream
of the e-gene region but not within the immedi-
ate upstream and immediate downstream re-
gion of the e-globin gene; in this study, due to
use of restriction enzyme sites along the gene
complex, rather large DNA fragments (i.e., 3.8-
8.2 or larger) were identified as possessing MAR-
like activity [Jarman and Higgs, 1988]. The
theoretical predictions of this study, directed at
identifying potential MAR sequences at the nu-
cleotide level, complement the searches of Jar-
man and Higgs [1988] for MARs on this gene
complex.

MARs as ORIs

That newly replicated DNA is specifically lo-
cated on the nuclear matrix has been demon-
strated in several laboratories [Berezney and
Coffey, 1975; Pardoll et al., 1980; Buongiorno-
Nardelli et al., 1982; Aelen et al., 1983; van der
Velden et al., 1984; Razin et al., 1986; Carri et
al., 1986; Dijkwel and Hamlin, 1988; Vaughn et
al., 1990]. Amati and Gasser [1988, 1990] have
shown that MARs from yeast coincide with puta-
tive origins of replication and that Drosophila
MARSs can drive the autonomous replication of
plasmids in yeast [see also Amatiet al., 1990]. In
addition, isolation and cloning of putative ori-
gins of replication from monkey cells in culture
[Zannis-Hadjopoulos et al., 1985; Frappier and
Zannis-Hadjopoulos, 1987] have shown them to
possess sequence homology with MARs [Rao et

al., 1990]. These data rather conclusively demon-
strate that origins of replication are nested in
the nuclear matrix DNA. Furthermore, the work
of Boulikas [1992b] pointing out that origins of
replication, nuclear matrix anchorage sites, and
homeotic protein recognition and binding sites
share the ATTA, ATTTA, and ATTTTA motifs
suggests that the differential activation of ori-
gins of replication which is thought to establish
the differential gene expression, cell memory,
and cell type formation in development [Callan,
1973; Spradling and Orr-Weaver, 1987] might
be regulated on the nuclear matrix. The LCR
region predicted from this study to be an exten-
sive MAR (see Figs. 3, 4) appears to harbor a
broad origin of replication. At least two other
ORIs are proposed to reside around the 8- and
B-globin genes, including palindromes 16—22
(Figs. 1, 2).

MARs May Contain Inverted Repeats

Palindromic (or inverted repeats or dyad sym-
metry) sequences are able to convert into cruci-
form structures upon introduction of torsional
strain on the DNA [Panayotatos and Wells, 1981;
Dayn et al., 1992]. We have recently cloned and
sequenced a non-AT-rich type of MARs and have
shown it to be enriched in inverted repeats [Bou-
likas and Kong, in press]. Additionally, many
origins of replication contain palindromic se-
quences. Inverted repeats are found in replica-
tion origins of E. coli [Meijer et al., 1979], bacte-
riophages A and ¢ 80 [Hobom et al., 1979], and
mammalian viruses including SV40 [Subramani-
an et al., 1977], polyoma [Soeda et al., 1978;
Hendrickson et al., 1987], the human papovavi-
rus BKV [Dhar et al., 1978], ORIg and ORI}, of
HSV1 [Stow and McMonagle, 1983; Weller et
al., 1985], HSV2 [Lockshon and Galloway, 19861,
Epstein-Barr virus [Reisman et al., 1985], JC
virus [Frisque, 1983], and mammalian ORI se-
quences [Frappier and Zannis-Hadjopoulos,
1987; Iguchi-Ariga et al., 1988]. These studies,
together with numerous findings vigorously show-
ing that origins of replication are attached to the
nuclear matrix (see above) support the idea that
palindromic sequences may indeed be character-
istic structures of MARs. Our search for palin-
dromes in the human B-globin gene complex
(Fig. 2) has indeed shown that palindromes are
preferentially located near clusters of homeodo-
main protein binding sites (Fig. 1), presumably
coinciding with matrix attachment sites.
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Permanent and Functional MARs

Two types of MARs have been described. 1)
The permanent (constitutive) MARs are present
in all cell types at all times of embryonic develop-
ment and stages of cell cycle irrespective of the
transcriptional state of the gene [Razin et al.,
1986; Levy-Wilson and Fortier, 1989]. Perma-
nent MARs include the ORIs according to Razin
and coworkers [1986]. Permanent MARs in our
opinion also delineate the border of an entire
domain. 2) The functional (or facultative or
transient) MARs appear temporarily and are
related to transcription, repair, and a particular
stage of development. Facultative MARs appear
only in cell types which express a given gene but
are absent from cell types harboring the same
gene into inactive chromatin structures [Levy-
Wilson and Fortier, 1989]. Our study is aimed at
predicting the location of both types of MARs in
the human B-globin gene complex (except those
related to repair of damaged sites). Whether or
not a specific MAR is constitutive or facultative
depends absolutely on the expression of the spe-
cific protein transcription factors that interact
with one another and with the DNA of the MAR
leading to the formation of a supramolecular
complex. We consider MARs as weak and strong
mass binding sites for protein transcription fac-
tors, including homeodomain proteins.

The experimental identification of the func-
tional MARs surrounding the e-globin gene
would be fully feasible when nuclear matrices
from embryonic yolk sac cells are used. Thus,
according to our model, nuclear matrix prepara-
tions from cells expressing the e-gene ought to
compete more effectively for binding to the func-
tional MAR surrounding the e-gene. However,
nuclear matrix proteins from cells at other devel-
opmental stages are expected to bind to the
MAR of the e-gene with very low affinity. This
low affinity is due to similarities in structure
between homeotic proteins assessed from the
degree of homology of their genes [e.g., Scott et
al., 1989], and from the fact that multiple bind-
ing sites of transcription factors (most of which,
according to our model, are nuclear matrix pro-
teins) are present within a MAR; several tran-
scription factors are constitutively expressed at
all stages of development though at varying
levels [e.g., Saffer et al.,, 1991]. In addition,
nuclear matrices prepared from fetal liver cells
are expected to identify the facultative matrix
anchorage sites of the y“- and y*-globin genes.

Jarman and Higgs [1988] have used the K562
human myelogenous erythroleukemia cell line
which is known to express the fetal stage-
specific genes [Purucker et al., 1990]. Nuclear
matrices from adult erythroid cells are expected
strongly to identify the facultative MARs sur-
rounding the adult §- and B-globin genes. Green-
stein [1988] using the mouse B-globin gene com-
plex and Farache and coworkers [1990] using
adult chicken erythrocytes have most probably
identified the functional MARs around the adult
state-specific $- and a-globin genes as well as the
permanent MARs in these genes.

We hope that future studies will be directed at
screening gene sequences from databanks for
inverted repeats, homeodomain proteins, and
other transcription factor binding sites, to pre-
dict putative positions of MARs, and by conse-
quence, positions of transcriptional enhancers
and origins of replication. Such theoretical data
could then be correlated with experimental work
aimed at defining origins of replication, DNase I
HS sites at the gene’s chromatin, and enhancer
elements.
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