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Transcription Factor Binding Sites in the Matrix
Attachment Region (MAR) of the Chicken a-Globin Gene

Teni Boulikas

Institute of Molecular Medical Sciences, Palo Alto, California 94306

Abstract Nuclear matrix is a nuclear protein—-DNA superstructure believed to be the exclusive site of DNA
replication, transcription, repair, and recombination. The attachment regions of chromatin loops to the nuclear matrix,
called MARs, nest origins of replication, have transcriptional enhancer activity, and via their interaction with protein
transcription factors may govern gene switch during development and tissue-specific gene expression. In this study the
967 bp MAR of the chicken a-globin gene is analyzed for the presence of hexanucleotides from a number (83 in total) of
vertebrate protein transcription factors and core origins of replication. A total number of 760 hexanucleotides from
factor sites or origins of replication were used for this search. We found that: (1) The occurrence of protein transcription
factor binding sites overall on the MAR fragment as well as on the enhancer and promoter regions of other genes is only
about 1.2-1.5 times higher than in random DNA, something consistent for all MAR and enhancer sequences examined.
However, a high concentration (up to 2.7 times over random sequences) of hexanucleotide factor sites is observed on
small stretches of the a-globin gene MAR. (2) Some regulatory protein binding sites are underrepresented whereas
others are overrepresented, giving to an MAR a particular transcription factor flavor. (3) The DNA curvature map of the
MAR sequence and the potential sites of positioned nucleosomes suggest the sites where a competition between core
histone octamers and protein transcription factors for DNA might be found. This approach might provide a novel
technique to diagnose for the regulatory or nonregulatory function of a stretch of DNA. Furthermore, MARs are
proposed to constitute important regulatory elements of genes in addition to enhancers, promoters, silencers, locus
control regions, and origins of replication. Additional parameters such as interaction of a transcription factor with other
transcription factors fixed at vicinal sites, DNA methylation, intrinsic DNA curvature torsional strain, and nucleosome
positioning might also determine the high-affinity binding of a transcription factor to its functional sites and its exclusion
from or low affinity binding to other nonregulatory regions.  © 1994 wiley-Liss, inc.
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Polynucleosomes are constrained into loops
or domains by the formation of crosscomplexes
between certain classes of DNA sequences spaced
every 5 to 200 kb with specific chromosomal
proteins leading to the formation of a distinct
nuclear superstructural entity termed nuclear
matrix [see Hancock and Boulikas, 1982; Verhei-
jen et al., 1988; Gasser et al., 1989; de Jong et
al., 1990; Bonifer et al., 1991; van Driel et al.,
1991; Pienta et al., 1991; Berezney, 1991; Fey et
al., 1991]. Nuclear matrix is believed to be impli-
cated in the differential gene expression during

Abbreviations used: nt, nucleotides; MAR, matrix attached
region; ORI, origin of replication.
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development [Dworetzky et al., 1990; Boulikas,
1992a}, with topoisomerase II orchestrating the
topological looped organization of chromatin do-
mains [Razin et al., 1991].

MAR sequences have been demonstrated to
have transcriptional enhancer activity {Xu et al.,
1989; Blasquez et al., 1989; Stief et al., 1989;
Phi-Van et al., 1990; Klehr et al., 1991]. Since
transcription takes place on the nuclear matrix
[e.g., Ciejek et al., 1983; see Boulikas, 1987 for a
review], understanding the nature of DNA se-
quences that are attached to the nuclear matrix
is important for a comprehensive view of the
regulation of gene expression in eukaryotic cells.

We have proposed [Boulikas, 1992c} that the
promoter region of the genes might be anchored
to the nuclear matrix via interactions between
nonhistone proteins bound to the enhancer con-
sidered to be a constitutive MAR element and
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promoter elements (facultative MAR elements),
with looping out of the DNA. In this model the
transcriptional enhancers of the various genes
are MARs. Electron micrographs of the matrix
protein SAF-A mixed with DNA show the forma-
tion of loops [Romig et al., 1992]. Usually one
constitutive MAR activity present in all cell types
is found in a 5’ far upstream site of a gene and a
second constitutive MAR activity in a 3’ down-
stream site, delineating the boundaries of a chro-
matin domain such as in the 19 kb locus of the
chicken lysozyme gene [Phi-Van and Stratling,
1988] and in the 49 kb locus of the human
apolipoprotein B gene [Levy-Wilson and Fortier,
1989]1. On the other hand, the facultative class
of MAR activities is believed to depend on the
transcriptional and repair activity of the gene or
stage of development. Thus, the facultative MAR
activity of a given gene will be present only in
cells expressing this gene.

Origins of replication (ORIs} are nested in the
nuclear matrix, and their differential activation
is intimately associated with cell type formation
and differential gene expression during develop-
ment [see Boulikas, 1992a,b] and during the cell
cycle [Mah et al., 1993]. A multitude of ORIs
function in early stages of development with a
suppression of specific ORIs taking place con-
comitantly with the establishment of cell
memory, that is, cell type formation [e.g., Sprad-
ling and Orr-Weaver, 1987]. The ORIs whose
function is suppressed during development may
be related to the facultative class of MAR activi-
ties. Indeed, some MARs share common se-
quence characteristics with some origins of rep-
lication, including the presence of ATTA and
ATTTA motifs [Boulikas, 1992a] and the pres-
ence of potential cruciform structures {Boulikas
and Kong, 1993a,b]. A facultative type of MAR
activity, detected only in cell types harboring the
particular gene in an active chromatin struc-
ture, is located between nucleotides —2.7 and
—1.8 kb to the 5' side of the human apolipopro-
tein B gene [Levy-Wilson and Fortier, 1989].

Today only a small fraction of nuclear matrix
anchorage regions (MARs) for polynucleosomes
are known, most particularly the AT-rich class
of MARs fe.g., Mirkovitch et al., 1984; Cockerill
and Garrard, 1986; Levy-Wilson and Fortier,
1989]. We have recently identified a non-AT-
rich type of MARs containing CT-, and GA-rich
blocks [Boulikas and Kong, 1993a,b].

The view of MARs as mass binding sites for
protein transcription factors [Dworetzky et al.,

1992; Isomura et al., 1992; Boulikas, 1992a,b,c,
1993a,b; Bidwell et al., 1993; van Wijnen et al.,
1993] explains both the transcriptional en-
hancer activity associated with MARs and the
fact that the nuclear matrix is the site of initia-
tion of transeription/replication. Studies aimed
at theoretically predicting protein binding sites
along DNA have appeared [e.g., Frech et al,
1993]. We have applied a very simple method
based on the search of hexanucleotides derived
from the recognition sites of protein transcrip-
tion factors along DNA. Application of this
method to the MAR residing to the 3’ flanking
region of the chicken a-globin gene domain {Far-
ache et al., 1990] as well as to other MAR se-
quences and to known promoters and enhancer
regions establishes some simple rules for predict-
ing protein sites on a DNA stretch of unknown
function.

MATERIALS AND METHODS
Factor Hexanucleotide Searches

A list of vertebrate transcription factor bind-
ing sites has been compiled [Faisst and Meyer,
1992] and classified into AT-, GC-, GA-, TG-
rich, and mixed motifs [Boulikas, in press]. To
this list we have added the core regions from the
origins of replication of SV40, bovine papilloma
virus, the c-myc gene origin of replication, the
adenoviruses 2 and 4 core origin (ORI sites), and
the Xenopus Hbox1l and human HOX4D ho-
meodomain protein sites (HOMEO sites) (Table
I). The a-globin gene MAR [Farache et al., 1990}
was screened for the presence of hexanucleotide
sequences from the factor, ORI, and HOMEO
sites using a Macintosh computer and the Micro-
soft Word 5.0 program. The hexanucleotides for
each particular factor binding sequence were
changed into a different font using combina-
tions of sizes 10, 12, 14, and 18; with type
Helvetica, Chicago, Palatino, and Times; with
formats normal, bold face, outlined, italics, and
shadowed; and with formats nonunderlined, un-
derlined, dotted underlined, or double under-
lined. This combination gives 4 x 4 X 5 X 4 =
320 distinct letter characters. This way a differ-
ent font was used for each factor site. This
permits the visual inspection of a MAR sequence
for clusters of factor sites.

We searched for a total of 83 transcription
factor, ORI, and HOMEO sites together. The
size of the factor sites varied from pentanucleo-
tides for CTCF (CCCTC) to 23 nucleotides for
Pax-1 (CACCGTTCCGCTCTAGATATCTC) and
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TABLE 1. Vertebrate Homeodomain Protein Binding Sites and Origins of Replication Known to
Interact With Protein Replication/Transcription Factors Used in the Searches of This Work

Protein or

Sequence

repl. origin

Species Reference

5'-AACAATTACAAA-3’
5-TTTGTAATTGTT-3’

CGTTTTATTAGG
CCTAATAAAACG

CATTAATC
GATTAATG

TATAATC
GATTATA

AGGCATAATATCATTAC
GTAATGATATTATGCCT

CATAAAATTTTTATTG
CAATAAAAATTTTATG

TGAATAATTGTTGTTAACAATAATC
GATTATTGTTAACAACAATTATTCA

CATCATCAATAATATACC
GGTATATTATTGATGATG

TTGGATTGAAGCCAATA
TATTGGCTTCAATCCAA

AGAGGCCGAGGCGGCCTCGGCCTCTG
CAGAGGCCGAGGCCGCCTCGGGCCTCT

TCTCTTATGCGGTTGAATAGT
ACTATTCAACCGCATAAGAGA

Hbox 1

Hox 4D

BPV-ORI

Ad 2,4-ORI

T antigen site
IT on SV40 ORI

c-myc-ORI

Frog Cho et al., 1988

Human Zappavigna et al., 1991

Bovine Ustav et al., 1991

Human Hay, 1985

Ad 2,4-ORI

Monkey Hay and De Pamphilis, 1982

Human Kumano et al., 1992

to 25 and 26 nt for BPV and SV40 ORI (Table D).
Both strand factor motifs were used in this
search. Thus, for hexanucleotide factor sites,
like Spl, two motifs were used, GGGCGG and
its complementary CCGCCC; for heptanucleo-
tide factor sites such as the TCTCTTA site of
Myc, four hexanucleotide motifs (TCTCTT,
CTCTTA, and the complementary TAAGAG and
AAGAGA) were used. From the 18 nt CBF fac-
tor site, 26 total hexanucleotides were extracted,
and for the 23 nt Pax-1 factor site 36 total
hexanucleotides were extracted. Thus, the total
number of hexanucleotides extracted from a fac-
tor binding site was 2 (n — 5), where n is the
number of nt in the recognition and binding
factor site. A total of 760 hexanucleotides were
derived.

The probability of finding a given hexanucleo-
tide is (1/4)® in sequences in which all four

nucleotides are equally represented, or one in
4,096 nt of DNA. Ninety-four out of 760 hexa-
nucleotides were found to be shared by at least
two factor sites in our searches (see Table II).
The occurrence of many common hexanucleo-
tides among transcription factors, when only 83
factor sites were screened with an average length
of 10 nt, demonstrates the common language
proteins use when they talk to their cognate
DNA motifs. Octanucleotide matches between a
factor site and a stretch of the MAR sequence
were taken as three hexanucleotide matches and
heptanucleotide matches as two hexanucleotide
matches.

Sequences Searched

These include MAR sequences known today
[Boulikas, 1992a], other MAR sequences identi-
fied in our laboratory [e.g., Boulikas and Kong,
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TABLE I1. Hexanucleotides That Occur in
Two or More Transcription Factor

Binding Sites*
Hexanucleotides
(complementary
not shown) Protein transcription factor
AAACAC H1TF1 TGT3
GACCTT ELP TR
CTCCCC H4TF1 NTF
AAGAGA ISGF2 c¢-myc-ORI
AAAGAA LSF CD28
GAATTT NF«B CD28 Oct-5
TTCCTC Pu.l NTF
CAGTTT IREBF ISGF3 NF-AT
CTTTCC PCF EBP-1
ATTTTT YB-1 HOX4D
GAAAAA NF-AT YB-1
TGTTTG H1TF1 TGT3
TTTCCT PEA3  NF-AT
CTTTGG LIT-1 YB-1
GGAATC MBP-1 NF«B
GGTCAT NFE3 VDR NF-pE3
GGGAGG NTF HATF1
TTATCT GATA RVF
GTCAAG ARP-1 TR
AGGTCA ER TR RAR/H2RH
AACTGA ISGF3 MyoD
ATGAAA NF-AT AAF
TGAAGG ISGF3 Ad2,4-ORI
ATGTGG TFE3 NF-pE3
GGAAAA NF-AT TR
AAAAAC NF-AT TR
GACTTT EBP-1 NF«B
TTATTG HOX4D Ad 2,4-ORI
ATTGTT Hboxl BPV-ORI
GGGAAA IREBF PCF
GGGGGA H4ATF1 NTF
CTTTCT ISGF2 PCF
TTAATG HNF-1 HOX4D
GTCATG VDR NF-pE3
TAATAT SRF Ad 2,4-ORI
ACATGA TFE3 NF-pE3
AATATG CBF AAF
AAAAAT YB-1 HOX4D
CTAATA SRF HOX4D
ATAATT HNF1 BPV-ORI
TAAAAT Oct-5 HOX4D
CATATT CBF SRF
ATGCAA NF-W  Oct-3
TTGACC ARP-1 TR
CCCTTT PCF LIT-1
TAAAAC RVF HOX4D

*Hexanucleotides occurring in two or more transcription
factor binding sites. Only one strand is shown. This table
lists 46 such hexanucleotides. Others may be found. The
total number of theoretically possible hexanucleotides (con-
sidering only one strand) is 2,048.

1993a,b], and several known enhancers and pro-
moters; random DNA of desired A + T content
was generated using a program written by Jerzy
Jurka (Linus Pauling Institute).

DNA Curvature Maps and Positioned
Nucleosomes Along the MAR Sequence

These maps are based on programs developed
by Ed Trifonov and collaborators [loshikhes et
al., 1992; Shpigelman et al., 1993]. This type of
analysis permits positioned nucleosomes and in-
trinsically curved sites to be superimposed on
the protein transcription site map and thus to
theoretically predict possible nucleosome-free re-
gions occupied by nonhistones.

RESULTS

Figure 1 shows the hexanucleotide sites for
protein transcription factors along the MAR in
the 3’ flanking region of the chicken a-globin
gene. This MAR was identified by Farache and
coworkers [1990]. Our search reveals that the
967 bp MAR sequence possesses hexanucleotide
motifs that are present in the binding sites of
transcription factors. Most factors interact with
a 6-14 nucleotide consensus binding sequence,
with a range of 4-23 [Wingender, 1988; Faisst
and Meyer, 1992; Boulikas, in press], and
stretches of contact of transcription factors with
DNA can be from 8-30 nt long from DNase I
footprinting studies [e.g., Lichtsteiner et al.,
1987] or up to 42 bp for the unusual TFIIIA that
contains nine zinc fingers {Clemens et al., 1992].

Figure 1 suggests that the chicken «-globin
gene MAR sequence is a mosaic of six nt binding
sites of a great number of transcription factors,
including the mammalian Oct-3, p-enhancer
binding protein, CD28, NF«B, Ets-1, SRF, CBF,
and the Pu.1 factor related to Ets-1 oncoprotein.
In addition, several six nt motifs contained in
the c-myc and bovine papilloma virus origins of
replication and from the core sequence of the
adenovirus two and four origin of replication,
which is known to interact with protein replica-
tion/transcription factors (Table I), were found.

The probability of finding an intact 8-30 nt
factor binding site on the 967 bp fragment is
very small. A given seven nt motif occurs once
every 47 = 16,384 nt and an eight nt motif once
every 4% = 65,536 nt. For this reason we have
broken the consensus sequence of the transcrip-
tion factor binding site into all possible hexa-
nucleotide motifs. The probability of finding a
given hexanucleotide on a stretch of DNA is
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(1/4)8, or one such hexanucleotide every 4,096
nt of DNA. We have found that 55 out of 83
factor sites examined are represented with at
least one hexanucleotide in the o-globin gene
MAR. Out of the 760 factor site hexanucleotides
searched, 222 were found in the MAR sequence
(Fig. 1). Whereas 179.4 (760 x 967:4096) are
expected; the x? when the observed is compared
with the expected is (222-179.4)2/179.4 = 10.11;
analysis of ten independent MAR sequences gave
similar x? values which gives P value below
0.001.

Figure 1 reveals that many hexanucleotide
factor sites overlap on the a-globin gene MAR.
These stretches are shown in detail in Figure 2.
Since 760 hexanucleotides in total from factor
sites and origins of replication were used to
search the a-globin gene MAR, we expect to find
760 sites every 4,096 nucleotides or approxi-
mately one site every 5.4 nucleotides. Thus the
nine-nt-long sequence at position 75 of the
chicken «a-globin gene MAR (Fig. 2) is expected
to have 9/5.4 = 1.7 factor sites. Four factor
hexanucleotide recognition sequences, those of
CD28, AGIE, DBP, and HNF-1 [see Faisst and
Meyer, 1992], were found to overlap on this nine
nt stretch; therefore the density of factor hexa-
nucleotides is 4 (found)/1.7 (predicted) = 2.4
times higher than random sequences on this
nine nt sequence of the MAR (Fig. 2).

The vertebrate factor sites used in this search
of the chicken sequence come from species as
diverse as frogs, chickens, and mammals. The
chicken counterpart of a human, frog, mouse, or
rat factor site is expected to be identical in cases
of high evolutionary conservation or to differ in
one or more nucleotide sites in cases of lower
evolutionary conservation.

Due to the common language regulatory pro-
teins use when talking to “their DNA,” the
presence of overlapping factor hexanucleotide
recognition sequences on a MAR stretch might
signal the binding sites of several transcription
factors that interact with one another. How-
ever, since most factors possess a longer than
hexanucleotide recognition sequence, this could
indicate the binding site of a single factor. This
regulatory protein factor might be the species-
specific counterpart of one of the proteins whose
binding sites overlap on a particular stretch of
the MAR fragment, a variant of this protein
transcription factor expressed at a different stage
during development, or a different, as yet undis-
covered, transcription regulating protein.

Some factor sites share common hexanucleo-
tides. For example, AAACAC occurs in both
HI1TF1 and TGT3 sites, the GACCTT in ELP
and TR sites, and the CTCCCC in H4TF1 and
NTF. Table II lists hexanucleotides identified as
common to two or more factor binding sites. The
identification of more than 47 such hexanucleo-
tides, or 2 x 47 = 94, with their complementary
sequences out of 4,096 possible as being repre-
sented at least twice in factor binding sites (Table
IT) indeed supports the concept that DNA se-
quence motifs use a common language to talk to
“their proteins.”

An important feature of the factor hexanucleo-
tides on the chicken a-globin gene MAR, sup-
posed to have a transcriptional enhancer activ-
ity (see introductory remarks), is that some
factor sites are underrepresented while other
factor sites are overrepresented in this MAR
sequence (Table III). The most striking ex-
amples of underrepresented factor/ ORI sites are
those of SV40-ORI, ETS-1, VDR, TFEB, RAR,
and HOX4D. The most overrepresented factor
sites are those of CD28, Pu.1, PEA3, and AGIE
(Table III).

Intrinsically Curved DNA Stretches and
Positioned Nucleosomes in the
a-Globin Gene MAR

One major class of the nuclear matrix DNA
harbors AT-rich sequences [e.g., Mirkovitch et
al., 1984; see Boulikas, 1992a]; however, a non
AT-rich class of MARs has been described [Bou-
likas and Kong, 1993a,b]. MARs are character-
ized by the presence of intrinsically curved DNA
[Anderson, 1986; Homberger, 1989]. Figure 3
shows the curvature map of the chicken a-globin
gene MAR sequence. Bendable DNA arising by
low-level periodic signals along the DNA may in
part determine the positioning of nucleosomes,
which have a tendency to place such intrinsi-
cally curved motifs at certain locations within
the core particle [Trifonov and Sussman, 1980;
reviewed by Trifonov, 1991; Thoma, 1992].
There is a delicate balance between stability of
nucleosomes and their functionality; the natu-
ral nucleosomes are rather metastable (i.e., they
unfold easily by a small energy input facilitating
replication and transcription) as opposed to
nucleosomes formed on strongly curved DNA
[Shrader and Crothers, 1989] that can act like
immovable objects (E.N. Trifonov, personal com-
munication). Many protein transcription factors
bind to intrinsically curved DNA or cause DNA



cca GCTAGGcAaaceTcaacACBETE T GGGAA caggeace cra 43
RFX Pax-1 AGIE Pu.l
TCF2 NTF
cetacacceeteaccetCTTCCT ACAATCAT AGAAATC A 83
CTCF  CTCF YB-1 CD28 AGIE
PEA3 HNF-1 DBP HNF-1
agaaacallcrtea TITGEGTTTGGAAGGgaccttacaccCC 126
NF-AT CBF LIT-1 PCF LIT-1
HITF1 ELP
TGT3 TR
CCAGcTCCRCLL eraecteatGGGCTG ceTGCCLCCACE A 164
AP2 PuF  AP2 ETF EGR2 PuF
ARP-1
GCTCAGGCTGCCCAGAGCCCCTCCATGaeeTtaGGCACATCCAA 208
UBP-1 ETF AP2 SRF__ AP2
H4TF1 Ad2,4-ORI
@GEATG aaaCACT CACAGceTccaaaeaacAGTGCCATeacTTC 250
Ets-1 TTF1 H2RII TGCCA-protein NF-D EF-1A
ACTa ceeretatateaaGGAIcet ccTcACATCTTACCTAAATC 296
PRD1  CTCF AGIE  Pul SRF
H2RII NF-AT
tecceeterrraaTL LAAA Accatiess TercaTCCTCTCACT 339
H4TF1 Oct-5 MBP-1 Pul AhR
NTF NFkB CTCF
CTCF PCF
ATCTAccca | GTAAAAAGAA GAcaagngs AGeoAAGCAT 378
GATA VBP LSF  AhR ISGF2 AhR
Pax-1 CD28 c-myc-ORI
cCTacaaaaaT TTA6CAAgaattt CCCattcag ARTaractic 21
Pax-1 Pu.l Oct-3 CD28 PCF c-myc-ORI EF-1A
RFX NFxB AGIE DBP Pu.l
Oct-5 NTF

ctear TTAGCAAAGAAGAAAQDCACAGaatttATCT ccTeAGA 463

Oct-3 LSF AhR HITF1 Oct-5 GATA
RFX CD28 CD28 TGT3 CD28 RVF

YB-1 NFKkB  Pax-1
GCCAATTGT AAcataccaCTTGAGaTcoTCT TGATAGA 501
Ad24-ORI _ Hboxl TTF1 Pul  GATA
YB-1 Hboxl UBP-1
BPV-ORI
GAGaceaaaaacaaeatcaceTae ] TACAAAzggfitc TTCTAC 544
CTCF Hbox1 NTF  AhR
DBP LSF

Fig. 1. Protein transcription factor binding sites in the chicken
a-globin gene matrix attachment region. Different fonts and
formats of all possible hexanucleotides from the consensus
binding sites of vertebrate protein transcription factors [Faisst
and Meyer, 1992; Boulikas, in press], homeodomain protein
sites, as well as from vertebrate core sites of origins of replica-
tion known to interact with transcription/replication protein
factors (Table I) were used to screen this MAR sequence.

Protein factor acronyms are aligned below the hexanucleotide
motifs. Four topoisomerase Il recognition sites predicted by
Farache and coworkers [1990] are overlined; the region from
nucleotides 50-334 is the CRI repeat containing a site for the
TGGCA binding protein (overlined), the chicken analog of NF-1
determined by DNase | footprinting [Farache et al., 19901.
(Continued on next page.)
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BITTGCATC T6RCAC TeacaTTCAGT AGGCCAATAGCA

TGT3 RFX NFe ISGF3 YB-1 RFX
NF-W Ad2,4-ORI

AAACCCAITATTGG TGCAAC crataceICTTCIgaaaaa

RVF HNF-1 NF-W AhR NF-AT
HOX4D YB-1
Ad2,4-ORI DBP

ATCCratcanacacet TBTITBE crraccTTGGCGagiitTT €

AGIE H1TF1 YB-1 IREBF CD28
TGT3 ISGF3 YB-1
NF-AT

tttcot AAATGTCAGccTaaacTa CTCTCTCTGATATAL CCCAA

EBP-1 SRF NFe UBP-1 AGIE (3 sites)
PCF UBP-1

PEA3

NF-AT

CC atttttARCCCAAC cCTITGG 6TTGCTCACAGCTCTTCCAGSTC

IREBF Oct-5 CBF LIT-1 RFX
YB-1 AGIE YB-1 H2RII
HOX4D CBF

AGATCCATCTATCTgaggttTTAAGTAATaTarTcTcTATTACA

GATA NTF Oct-5 AAF ISGF2 AAF
RVF Hbox1

HOX4D Topo I1

AcAcataag ctattgareascaaaca GTGAATAAT

HI1TF1 VBP Ad2,4-ORI Pu.l PRD1 HNF-1
c-myc-ORI NF-AT BPV-ORI (3 sites)
H2RIK Topo 11

GAglt gazcc AAGAACTggaatcTGTCACA cagggaaa AC
c-myc-ORI LSF MBP-1 RFX PEA3 RFX
NFxB H2RII NF-AT

AGACTCATCTEARATATICATTcTTaacArAcea aTacTtatie

NF-E2 RFX CBF c-myc-ORI
c-myc-ORI (2 sites)

Topo IT

atcicit ACTTCAATTAAATGTCCactgttacTia TGAATT

ISGF2  Ad2,4-ORI HNF-1 SRF  NF-AT Oct-5
(2 sites) Topo I1
Hbox1
GAAGTT
Ad2,4-ORI

Figure 1. (Continued.)
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75 AGAAATCAT (9 nt, Predicted sites: 1.7, Found: 4, Found/Predicted: 2.4)
AGAAAT

cD28

GAAATC
AGIE

AAATCA
DBP

AATCAT
HNF-1

99 TITGGGTITGGAAGGGACCTT (21 nt, Predicted sites: 3.9, Found: 7,

Found/Predicted: 1.8)
TITGGGT GGACCT
CBF LIT-1

TITGGA GACCTT
LiT-1 ELP
TR

AAGGGA
PCF

201 ACATCCAAGGATG (13 nt, Predicted sites: 2.4, Found: 4,
Found/Predicted: 1.7)

ACATCC AGGATG
SRF Ets-l

ATCCAA
Ad 2,4-ORI

CCAAGG
AP2

240 GCCATCACTTCACTG (15 nt, Predicted sites: 2.8, Found: 4,
Found/Predicted: 1.4)

GCCATC TTCACT
NF-D PRD1

CACTTC
EF-IA

TCACTG
H2RII

318 ATTCCCTC (8 nt, Predicted sites: 1.5, Found: 4, Found/Predicted: 2.7)

ATTCCC
MBP-1
NF«B

TTCceeT
PCF

CCCTC
CTCF

330 TCCTCTCACTATCTA (15 nt, Predicted sites: 2.8, Found: 4,
Found/Predicted: 1.4}

TCCTCT TATCTA
Pu .1 Pax-1

TCTCAC
AhR

CTATCY
GATA

Boulikas

349 TGTAAAAAGAAGACAAGAGAAG (22 nt, Predicted sites: 4.1, Found: 6,

Found/Predicted: 1.7)

TGTAAA AAGAGA
VBP ISGF2
c-myc-ORI
AAAGAA GAGAAG
cD28 AhR
AGAAGA
AhR

390 TTAGCAAGAATTTCCCATTCAAAAT (25 nt, Predicted sites: 4.6

Found: 10, Found/Predicted: 2.2)

TTAGCA GAATTT CAAAAT
Oct-3 Oct-5 D8P
NFxB

TAGCAA ATTTCC
RFX IREBF

GAATTTC  ATTCAA
cD28 c-myc-ORI

TTTCCC
PCF

TTCCCA
AGIE

427 TTAGCAAAGAAGAAAACACAGAATITATCTC
(31 m, Predicted sites: 5.8, Found: 14,
Found/Predicted: 2.4)

TTAGCA AGAAAA GAATTY
Oct-3 YB-1 Oct-5
CD28
NFxB
TAGCAA AAACACA TTTATC
RFX H1TF1 RVF
AAAGAA AAACAC TTATCT
LSF TGT3 GATA
AGAAGA TATCTC
AhR Pax-1

463 AGCCAATTGTAA (12 nt, Predicted sites: 2.2, Found: 5,
Found/Predicted: 2.3)

AGCCAA
Ad 2,4-ORI

GCCAAT
YB-1

AATTGT
BPV-OR!

AATTGTAA
Hbox1

526 TTACAAAAGGTTCTTCT (17 nt, Predicted sites: 3.1 Found: 6,
Found/Predicted: 1.9)

TTACAAA GGTTCT
Hbox1 LSF

ACAAAA TCTTCT
DBP AhR

AGGTTC
NTF

Fig. 2. Overlapping protein transcription factor sites on the chicken a-globin gene MAR. Due to the
common language of protein transcription factor sites, such motifs are proposed to be enucleation sites of
protein transcription factors in vivo, provided that this is permitted by positioned nucleosomes (see Fig. 3).
The complete prototype sequence motif is shown on top, whereas the hexa- or longer nucleotide motifs
and the transcription factor whose recognition site represent are properly aligned below. The nucleotide
position of the motif in the chicken a-globin gene MAR sequence is shown to the far left. (Figure 2

continued on next page.)
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545 GTTTGCATCTGACAC (15 nt, Predicted sites: 2.8, Found: 7, 770 GAGGTTTVTAAGTAAT (15 nt, Predicted sites: 2.8, Found: 5,
Found/Predicted: 2.5) Found/Predicted: 1.8
GTTTGC CTGACAC GAGGTT AGTAAT
TGT3 NFe NTF AAF
TTTGCA GGTTTT
Oct-3 RVF
TTGCATC GTTTTA
NF-w HOX4D
CATCTG TTTTAA
RFX Oct-5

788 TTCTCTATTACAACACATAAG (21 nt, Predicted sites: 3.9, Found: 7,

572 GGCCAATAGCAAAACCCATTATTGG (25 nt, Predicted sites: 4.6, Found/Predicted: 1.8)

Found: 9, Found/Predicted: 2.0)

GGCCAA AAAACC ATTATT TTcTeT AACACA
YB-1 RVF HNF-1 ISGF2 HITF
GCCAATA TTATTG TATTAC  ACATAA
Ad 2,8-ORI HOX4D AAF VBP
TAGCAA ATTATTGG ::”‘f“‘ CA“ASR'
RFX Ad 2,4-ORI ox c-mye-
19 A A T i ites: -
610 TCTTCTGAAAAAATCC (16 nt, Predicted sites: 3.0, Found: 5, 819 AGGAACAGTGAATAATGA (18 nt, Fredicted sites: 3.3, Found: 8,
Found/Predicted: 1.7) AGGAAC TGAATAAT
TCTTCT  AAAATC Pu 4 BPY.OR)
AhR DBP )
(3 sites)
ﬁ::‘;“ AACAGT  TAATGA
VB NF-AT HNE-1
ACAGTG
AAATCC H2Rl
AGIE
652 TTGGCCAGTTTTTCTTTCCTAA (22 nt, Predicted sites: 4.1, Found: 11, AGTGAA
Found/Predicted: 2.7) PRD1

TTGGCC TTITITC TCCTAA

YB-1 CcD28 SRF 853 GGAATCTGTCACA (13 nt, Predicted sites: 2.4, Found: 4,
Found/Predicted: 1.7}

CAGTTT CTTTCC GGAATC GTCACA
IREBF EBP-1 MBP-1  H2RH
ISGF3 PCF NFx8
NF-AT
ATCTGT
TTITCTT RFX
YB1

868 AGGAAAACAGACTCATCTGAAATATTCA (28nt, Predicted sites: 5.2,
Found: 7, Found/Predicted: 1.3)

-:,-IE-;‘;CT AGGAAA GACTCA AAATAT
NE-AT PEA3 NF-E2 CBF
AACAGA CATCTG TATTCA
704 TCCCAACCATTTTTAACCCAAC (22 nt, Predicted sites: 4.1, Found: 9, RFX RFX c-myc-ORI
Found/Predicted: 2.2)
Tececaace ACCCAA 929 CTTCAATTAA (10 n, Predicted sites: 1.9, Found: 4, Found/Predicted: 2.1)
AGIE CBF CTTCAAT
Ad 2,4-0ORI
CCATTY CCCAAC
IREBF AGIE CAATTA
Hbox1
ATTTTI
v AATTAA
HOX40 HNF-1
TTTTAA
Oct-5

727 CTTTGGGTTGCTCACAG (17 nt, Predicted sites: 3.2, Found: 6,
Found/Predicted: 1.9)

CTTTGG TCACAG
LiT-1 H2RIt
YB-1
TITGGGT
CBF
GTTGCT
RFX

Figure 2. (Continued.)
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TABLE III. Unusual Occurrence of Factor Sites on the Chicken o-Globin Gene MAR*

Boulikas

Underrepresented
Number of Number of hexanucleotides:
Factor Recognition sequence 6 nt motifs Expected Found
SV40-ORI See Table I 20 4.7 0
Ets-1 , GA A ) 16 3.8 0
5 “cC GGA TGY-3
' el TC ..
5 -RCATC C GG'3
VDR AGGTCATGACCT 14 3.3 0
AGGTCATGACCT
TFEB GGCCACGTGACC 14 3.3 0
GGTCACGTGGCC
PAX-1 CACCGTTCCGCTCTAGATATCTC 36 8.5 4
GAGATATCTAGAGCGGAACGGTG
HOX4D See Table I 50 11.8 3
RAR AGGTCATGACCT 14 3.3 0
AGGTCATGACCT
SRF GGATGTCCATATTAGGACATCT 34 8.0 4
AGATGTCCTAATATGGACATCC
Oct-6 ATGCAAAT 6 14 0
ATTTGCAT
Oct-R ATGCAAAY 6 14 0
RTTTGCAT
C/EBP GTGGAAAG 8 1.9 0
AAA
CrpppCCAC
Myb Y AAC%G 8 1.9 0
C
CAGTTR
MyoD CAACTGAC 6 14 0
GTCAGTTG
NF-pE3 GCCACATGACC 12 2.8 0
GGTCATGTGGC
EGR-2 CCGCCCCCGe 10 2.4 0
GCGGGGGCGG
ETF CAGCCCCCGCGCAGC 20 4.7 2
GCTGCGCGGGGGCTG
WT-ZPF CGCCCCCGC 8 1.9 0
GCGGGGGCG
Kerl GCCTGCAGGC 10 2.4 0
GCCTGCAGGC
ARP-1 TGAnCCCTTGACCCCT 14 3.3 1
AGGGGTCAAGGGNnTCA
CTCF CCCTC 6 1.4 0
GAGGG
TFE3 GCCACATGACC 12 2.8 0
GGTCATGTGGC

Table I1I continued on next page.
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TABLE III. Unusual Occurrence of Factor Sites on the Chicken a-Globin Gene MAR* (continued)

Underrepresented
Number of Number of hexanucleotides

Factor Recognition sequence 6 nt motifs Expected Found

aA-CRYBP GGGAAATCCC 10 2.4 0
GGGATTTCCC

TEF-1 AAGYATGCA 6 14 0
TGCATRCTT

TR AGGTCAAGGTCA 14 3.3 1
TGACCTTGACCA

Overrepresented

CD28RC 5"-AAAGAAATTCC-3’ 12 2.8 8
5 -GGAATTTCTTT-3'

Pu.l AGAGGAACT 8 1.9 6
AGTTCCTCT

PEA3 AGGAAR 4 0.9 3
YTTCCT

AGIE BP GGTTGGGAAATCCC 18 4.2 11
GGGATTTCCCAACC
AT’I%GCAT

Oct-5 TTAAAATTCA 10 24 6
TGAATTTTAA

Hbox AACAATTACAAA 14 3.3 7
TTTGTAATTGTT

UBP-1 CTCTCTGG 6 14 4
CCAGAGAG

HI1TF1 AACAAACACAAA 14 3.3 6
TTTGTGTTTGTT

PuF GGGTGGG 4 0.9 2
CCCACCC

RFX CCCCTAGCAACAGATG 22 5.2 9
CATCTGTTGCTAGGGG

TGT3 AAGTGTTTGC 10 2.4 5
GCAAACACTT

NF-W GTTGCATC 6 14 3
GATGCAAC

*Protein transcription factors whose some hexanucleotides extracted from their DNA binding sequence are under- or
overrepresented in the 967 bp chicken a-globin gene MAR. Their recognition sequences are from Faisst and Meyer [1992],
Boulikas [in pressl, and Table I. Both strands of the recognition sequence are shown in their 5’ to 3' orientation.

bending upon binding as the CAP protein on the
lac promoter of E. coli [Wu and Crothers, 1984].
Peaks above about 0.3 curvature units on the
map (Fig. 3A) are significant curvature points
{Shpigelman et al., 1993]. The highest curved
synthetic or naturally occurring DNA frag-
ments display curvature values of up to 0.6

units in our program. The curvature map shows
intrinsically curved DNA points in decreasing
order at positions 622 (0.47 units), 429, 447,
576, 583, 490, 459, 409, 662, 875, and 353 (0.35
units).

We have scanned the 967 bp MAR sequence
for the preferred sites of positioned nucleosomes
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Fig. 3. Intrinsic DNA curvature map of the chicken a-globin gene MAR. A: A 15 nt window was moved
along the sequence. Peaks above 0.2 curvature units represent significant positions of curvature. Numbers
denote the nucleotide positions of major peaks on the map. Filled rectangles on the abscissa show the
overlapping factor sites (Fig. 2). Arrows above the abscissa show possible nucleosome locations (Table IV).
B: Three-dimensional projection of curvature along the 967 bp fragment.
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using a program that takes into consideration
all AA and TT dinucleotides and compares their
positions against a given matrix of strongly posi-
tioned nucleosomes [loshikhes et al., 1992].
Nucleosome positioning is determined by sev-
eral factors: preference of core histone octamers
for features on DNA, interactions between neigh-
boring nucleosomes, by transcription/replica-
tion regulatory proteins acting as boundaries for
positioned nucleosomes, and the higher order
folding of chromatin [reviewed by Thoma, 1992].
This analysis shows a strongly positioned nucleo-
some (score 0.304) around nucleotide 648, occu-
pying the 564-731 bp region of the MAR frag-
ment (Table IV). The most probable locations of
five nucleosomes on the 967 bp MAR fragment
are shown as arrows in Figure 3A. This map
does not take into account changes in positioned
nucleosomes arising from strongly bound tran-
scription regulatory proteins at precise posi-
tions on the MAR fragment that could act as
boundaries to position two nucleosomes at their
flanking regions [Thoma, 1992]. This informa-
tion can only arise from footprint analysis.
Figure 3A also shows the locations of overlap-
ping protein factor sites (Fig. 2) on the curva-
ture map (shown on the abscissa as solid rect-
angles). Only five stretches of clustered factor
sites out of 23 total clusters fall within predicted
linkers, those at the flanking region of nucleo-
some 2. The occupancy of a portion of the MAR
region by a nucleosome with strong regulatory
protein sites in the nucleosome flanking regions
might bring into juxtaposition protein factors
bound to the flanking regions at the entry and
exit points of the DNA to and from the nucleo-
some. Binding sites of regulatory proteins along
the DNA also determine nucleosome positioning
[Roth et al., 1990]. The interplay between pro-
tein transcription factors and nucleosomes on

the chicken «a-globin gene 3' MAR should await
footprinting of protein factors in vivo.

DISCUSSION

MARs as Mass Binding Sites for Protein
Transcription Factors

A critical mass of activator protein seems to
be necessary to effectively stimulate the basie
transcriptional machinery [Carey et al., 1990].
Creating polymers of single factor binding sites,
which by themselves may have weak or no stimu-
latory activity, can lead to strong transcriptional
stimulation [Ondek et al., 1987; Schirm et al.,
1987], especially when one single high-affinity
binding site is present in the complex [Scheuer-
mann, 1991; Zuckerkandl and Villet, 1988]. Syn-
ergistic effects between transcription factors can
best occur when regulatory proteins saturate
their binding sites on DNA. However, precise
positioning of two transcription protein factors
on vicinal sites on DNA is an absolute necessity
for formation of stable complexes and provides a
model to understand the dramatic activation of
the albumin gene in hepatic compared with other
cell types [Milos and Zaret, 1992].

Given our incomplete knowledge of the prin-
ciples used by nuclei for placing protein factors
along the DNA, we have made an attempt to
predict the positions of transcription factors and
nucleosomes by screening the chicken «-globin
gene MAR fragment for hexanucleotide motifs
from core recognition sites of transcription/
replication factors. The data (Figs. 1, 2) show
that the 967 bp MAR fragment has 1.25 times
more six nt factor sites than random DNA. A
computer-generated 5 kb random DNA frag-
ment showed 0.97 times the theoretically-pre-
dicted density of hexanucleotide factor sites
whereas all other MAR and enhancer sequences

TABLE IV. Estimation of the Most Preferred Nucleosome Locations
in the Chicken «-Globin Gene MAR*

Nucleotide Nucleotide

position for positions of Score for

nucleosome 167 bp positioned Linker length

Nucleosome center nucleosome nucleosome to the 3’ side

1 648 564-731 0.304 14
2 451 367-534 0.262 30
3 829 745-912 0.248 Not determined
4 35 -49-118 0.204 32
5 234 150-317 0.200 50

*Nucleosomes are listed in order of decreasing probability of formation from top to bottom. Linker lengths between a
nucleosome and its neighbor to the 3’ site are given in the last column.
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examined consistently showed a 1.2 to 1.5 times
higher concentration of such hexanucleotides.
However, some stretches of the chicken a-globin
gene MAR fragment (Fig. 2) have a high density
of six nt factor sites that could be up to 2.7 times
higher than the number expected from probabil-
ity calculations.

We have proposed that a major class of regula-
tory chromosomal nonhistones (transcription
protein factors) are components of the nuclear
matrix [Boulikas, 1992a,b,c, 1993a,b]. Growing
evidence independently supports this notion
[Dworetzky et al., 1992; Isomura et al., 1992;
Bidwell et al., 1993; van Wijnen et al., 1993].
Thus nuclear matrix proteins might number in
the thousands. Only a few have been identified
and well characterized, to date. Among these are
topoisomerase II {Berrios et al., 1985; Razin et
al., 1991]; the chicken ARBP protein (attach-
ment region binding protein), which recognizes
the consensus sequence ATTTCASTTGTAAAA in
the MAR of the chicken lysozyme gene locus
[von Kries et al., 1991]; the NMP-2 localized
exclusively in the nuclear matrix [Bidwell et al.,
1993]; the Spl, ATF, CCAAT, C/EBP, and AP-1
transcription factors [van Wijnen et al., 1993];
the yeast ACBP protein (ARS consensus binding
protein), which interacts with the ARS element
[Hofmann and Gasser, 1991]; SAF-A, able to
form loops with naked DNA as observed by
electron microscopy [Romig et al., 1992]; the
tissue-specific human SATB1 protein expressed
predominantly in thymus that binds to the mi-
nor groove of a special class of AT-rich MARs
with A, T, or C but not G on one strand [Dickin-
son et al., 1992]; matrin 3, an acidic protein of
the internal nuclear matrix network of human
and rat cells [Belgrader et al., 1991]; matrin F/G
[Hakes and Berezney, 1991]; the transcription
protein factor RFP involved in the activation of
the ret proto-oncogene {Isomura et al., 1992];
DNA polymerase o [Smith and Berenzney, 1980];
c-myc {Waitz and Loidl, 1991} and Myb proteins
[Kiempnauer, 1988]; corticosteroid receptors
[van Steensel et al., 1991]; H1 [Izaurralde et al.,
1989]; HMG 1,2 [Ivachenko and Avramova,
1992]; lamins from the peripheral nuclear ma-
trix [Boulikas, 1986; Ludeérus et al., 1992]; and
several others. The recognition sequences of
some of these nuclear matrix proteins are known.

One can ask whether or not the presence of a
hexanucleotide density for a protein transerip-
tion factor on the a-globin gene MAR of 1.25
times that of random DNA is sufficient to give to

this sequence its expected transcriptional en-
hancer properties, that is, acting as a strong
enucleation site for protein transcription fac-
tors. Since known transcriptional enhancers and
promoters, including those of Drosophila en-
grailed gene, human c-myc gene, rat albumin
gene, human histone gene, human growth hor-
mone gene, and SV40 72 bp repeat, display a
density comparable to MARs for hexanucleo-
tides from regulatory protein recognition sites
[Boulikas, in preparation], it is concluded that
this small difference in density of hexanucleo-
tide sites between MARs and random DNA can
be diagnostic of the presence of a regulatory
sequence of DNA.

We feel that additional features other than
DNA sequence itself, notably intrinsic curva-
ture of DNA [Trifonov, 1991], are important in
directing regulatory proteins to a DNA site;
even straight DNA can be curved by the binding
of some transcriptional regulatory proteins (re-
viewed by van der Vliet and Verrijzer, 1993].
Also, the cooperative binding of some transcrip-
tion-regulating proteins and the strong heterolo-
gous protein—protein interactions on the regula-
tory regions of genes are important determinants
of the formation of a transcription-promoting
ternary complex. A more exciting phenomenon
is the overrepresentation of some unique factor
sites on this MAR fragment. A short (50-100 nt)
segment of an enhancer germane to a particular
gene needs to interact with probably about five
or even more protein factors. Which segments of
the 967 bp MAR are crosscomplexed with pro-
tein factors and which are wrapped in nucleo-
somes is not known. Thus, understanding the
spacing between protein factor sites and which
particular factors are likely to be present in a
given cell type is of utmost importance for the
successful theoretical prediction of which stretch
of an MAR will be occupied by which protein
factors. It is interesting to note that Farache
and coworkers (1990) have observed four topoi-
somerase II recognition sites (by sequence analy-
sis) and one site for the chicken TGGCA binding
protein (by DNase I footprinting), a relative of
the mammalian nuclear factor 1 (NF-1), within
the CR1 repeat (overlined in Fig. 1). Fifty-five
different sequence-specific proteins out of 85
tested have hexanucleotides from their core bind-
ing site on the chicken a-globin gene MAR. A
total number of 222 such factor nucleotides
were found on this MAR (Figs. 1, 2). Most of
these proteins may have their counterparts in
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chickens with a slightly modified or identical
sequence specificity.

Several protein transcription factors interact
with one another on a transcriptional enhancer
sequence germane to a particular gene. The
interdigitation and crosstalk between transcrip-
tion protein factor sites on the regulatory re-
gions of genes allow for the complex process of
cell type speciation to be manifested during de-
velopment. Some of these recognition sites may
be 23 nt long but most of them are of about eight
nt. The strong specificity, giving a dissociation
constant of a protein factor from the DNA in the
order of 10-7-10-15 may, therefore, depend on
the precise interaction of protein factors with
one another after locking onto precisely posi-
tioned sites on the DNA. The possibility of the
occupancy of a stretch of 167-200 bp of this
MAR by a positioned nucleosome, and therefore
the competition of protein factors with core his-
tone octamers for interaction with a stretch of
DNA, needs to be taken into consideration.

On account of the common preference of pro-
tein binding sites for certain di-, tri-, tetra-,
penta-, and hexanucleotide motifs (Table II), we
believe that the approach used here, although
giving only a 1.2-2.7-fold higher hexanucleotide
factor site concentration on sequences believed
to have a regulatory function, nevertheless can
be diagnostic of regulatory regions on DNA and
can be used to distinguish between functional
and nonfunctional DNA.

Despite our incomplete knowledge of all mam-
malian transcription factor consensus sequences,
the results of this search may have an important
impact on our understanding of the function of
stretches of MARs as transcriptional enhancers
and origins of replication. It will be interesting
to correlate the cellular function of a gene with
the type of transcription factor sites theoreti-
cally predicted to be present on its MAR se-
quence. Such data can further be treated taking
into account the possible involvement of an MAR
at the origin of replication and/or transcrip-
tional enhancer for the gene with which it is
associated. It is proposed that MARs constitute
important, regulatory sequences of genes of an
importance equal to that of promoters, enhanc-
ers, locus control regions, silencers, and origins
of replication.

PERSPECTIVES

Since regulatory regions on DNA display a
1.2-2.7 higher concentration of hexanucleotides

derived from regulatory protein binding sites,
the cell has probably invented additional mecha-
nisms such as protein factor—protein factor inter-
action, intrinsic curvature of DNA, nucleosome
exclusion, cruciform formation, Z-DNA forma-
tion, DNA methylation, and others to direct
protein frans-acting factors to the regulatory
regions of genes. Studies on the interaction of
protein transcriptional regulators with the om-
nipresent nucleosomes rather than naked DNA
which compose the physiological milieu of DNA
sequences in nuclei are likely to produce a differ-
ent landscape of knowledge in this field and to
advance our understanding of the relationship
between negative and positive regulatory pro-
tein—-DNA complex elements in development,
active and inactive chromatin loops, and active
versus inactive matrix-attached region activi-
ties. Such data can arise only from the elucida-
tion of interactions of regulatory proteins with
one another, with DNA, with nucleosomes, and
with the nuclear matrix in proximal and distal
regulatory sequences of genes. A further under-
standing of the networks that regulate transcrip-
tion initiation will arise from studies on protein
factor phosphorylation tightly coupled to up- or
downregulation of cis-acting factors at precise
intervals of the cell cycle and development. Fi-
nally, knowledge of the mechanisms of differen-
tial activation of origins of replication during
development tightly connected to the differen-
tial gene expression [see Boulikas and Kong,
1993b, for references] and their relationship to
MARSs and enhancers will fit the bulk of knowl-
edge on protein transcription factor-regulated
genes into their context of chromatin structure,
carcinogenesis, and development.
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