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To identify proteins from uninduced murine erythroleukemia nuclear extracts which specifically bind to
sequences from the DNase I-hypersensitive region within the mouse -globin intervening sequence 2 (IVS2), a
gel electrophoretic mobility shift assay was used. Two distinct sequence-specific binding proteins were detected.
The specific binding sites for these factors were delineated by both DNase I protection footprinting and
methylation interference. Factor B1 bound specifically to two homologous sites, B1-A and B1-B, approximately
100 base pairs apart within the IVS2 and on opposite strands. These two regions could interact with factor B1

independently.

Factor Bl was limited to cells of hematopoietic lineages. Factor B2 bound to a site

approximately 5 base pairs away from the B1-A site and was limited to cells of the erythroid lineage. The
limited tissue distribution of these factors and the locations of their binding sites suggest that one or both of
these factors may be involved in the formation of the tissue-specific DNase I-hypersensitive site in the IVS2 of

the mouse B-globin gene.

Control of expression of the B-globin gene complex has
been a major focus of research on eucaryotic regulatory
mechanisms. Analysis by deletion, point mutation, and the
construction of chimeric genes of the elements that control
gene expression indicates that the transcriptional regulation
of the B globm gene involves a complex interplay of cis- and
trans-acting elements. cis-Acting sequences required for
efficient ;md accurate transcription of the mouse B-major
B™- globm gene in vivo have been identified within the 110
base pairs (bp) immediately upstream of the mRNA cap site.
They inclpde three highly conserved regions: a CACCC box

—90, a CCAAT box at —75, and a TATA box at —30 (10,
13, 34). The CACCC box is conserved among all adult B-like
globin genes. The upstream sequences, the CACCC and
CCAAT boxes, are required for efficient transcription of
mouse B-globin in both HelLa and murine erythroleukemia
(MEL) cells. The TATA box (at —30 in most eucaryotic
genes) is necessary for the accurate initiation of transcription
(6).

The sequences responsible for the capacity of the B-globin
gene to respond to the inducing environment of the differ-
entiating MEL cell have been demonstrated to reside both in
the 5’-flanking DNA and within the structural gene itself (10,
11, 51). These two inducible regulatory regions have been
shown to be able to act independently by the stable intro-
duction into MEL cells of chimeric genes containing either
the human B-globin promoter and the gene body of another
gene (human a- or y-globin or mouse H2K) or vice versa (11,
51). The presence of either the B-globin promoter or the
B-globin gene body is sufficient to confer lndumbnlnty upon a
hybrid gene in MEL cells. The one exception is the 5’ -Bla-3’
hybrid construct in which the a-globin gene body is appar-
ently dominant over the B-globin promoter (the transfected

a-globin gene is transcribed constitutively in MEL cells). In
additjon, transfected B-globin genes with most of the pro-
moter deleted remain inducible, although they are not tran-
scribed efficiently due to the lack of the CACCC or CCAAT
box or both (10, 51). The precise locations of both the 5’
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flank and intragenic sequences responsible for the inducibil-
ity of the B-globin gene have not yet been identified.
trans-Acting regulatory factors and their cognate sites on
DNA have been found to lie within DNase I-hypersensitive
regions for the chicken B-globin gene (16, 17). Tissue-
specific DNase I-hypersensitive sites have been observed in
the 5’ flank (at ~—200) and within the intervening sequence
2 (IVS2) (at ~+500) of the mouse BM-globin gene (1, 4, 25,
41) (see Fig. 1 for a diagram of the mouse B-globin gene). The
latter DNase I-hypersensitive site suggests that regulatory
sequences may reside in the 5’ portion of 1VS2. Further-
more, LaFlamme et al. (27) transfected chimeric globin
genes involving the exchange of the IVS2 between the
human B- and 3-globin genes into MEL cells and demon-
strated that the IVS2 of human B-globin is necessary, but not
sufficient, for inducible expression of the gene in MEL cells.
In transgenic mice, the human B-globin gene is regulated as
a mouse adult globin gene and expressed in both fetal and
adult stages (9, 29, 48) and the human vy-globin gene is
regulated as an embryonic globin gene (8). Chimeric v/B-
globin genes (joined at the BamHI site at the 3’ end of exon
2) in transgenic mice are expressed as both embryonic and
adult B-globin genes (26), further implicating sequences
downstream of exon 2 in the regulation of the B-globin gene.
An alternative approach to the mutational analyses used in
previous studies to identify sequences with a regulatory
function is to look for the trans-acting proteins that bind to
DNA regions suspected of having a regulatory role and then
to delineate their binding sites. This approach has the added
benefit of providing the means to characterize the trans-
acting factors as well as the sequences to which they bind.
An electrophoretic mobility shift assay has been developed
(18, 20, 47) to detect DNA-protein interactions that may
represent interactions between trans-acting factors and their
cognate cis-acting regulatory sequences. The assay is based
on the altered electrophoretic mobility of DNA-protein
complexes relative to unbound DNA. In view of the evi-
dence suggesting that sequences in the IVS2 of the B-globin
gene may have a regulatory role, we used the electrophoretic
mobility shift assay to screen sequences from the IVS2 for
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FIG. 1. Schematic representation of the murine BM-globin gene
locus. The murine BM-globin gene is depicted with its cap (CAP) and
poly(A) addition (pA™) sites, its three exons (E1, E2, and E3), and
its two intervening sequences (IVS1 and IVS2). Also indicated are
the two DNase I-hypersensitive sites (HS) observed by Benezra et
al. (4). The various fragments of the gene used in these studies are
shown with the restriction sites used to generate them indicated
underneath. The positions of the exons relative to the cap site at +1
are: E1, +52 to +144; E2, +261 to +483; and E3, +1137 to +1366.

the ability to detect sequence-specific DNA-binding proteins
in nuclear extract from MEL cells. We report here the
detection of two sequence-specific factors with limited tissue
distributions. These factors bound to sequences within the
region of the mouse BM-globin gene IVS2 involved in the
formation of a tissue-specific DNase I-hypersensitive site.

MATERIALS AND METHODS

Plasmids and DNA fragments. Plasmid pMB1BII, kindly
provided by R. Myers and T. Maniatis, contains the mouse
BM-globin gene from —106 to +2791 with a BgllI linker
inserted at +26 (numbering is relative to the cap site at +1).
The following subclones were derived from this plasmid:
134pUC, Clal_,y6-Bglll, ,¢ inserted into BamHI-Accl-cut
pUC19; 224pUC, BamHl, ,s-HindIll, 5o inserted into
BamHI-HindIll-cut pUC19; and 391pUC, HindlIIl, (-
Pstl , 080 inserted into HindIII-PstI-cut pUC19 (Fig. 1). The
inserts MBgl134, MBg224, and MBg391 were all excised with
EcoRI-HindIIl and then isolated from an agarose gel by
electroelution. The eluted DNAs were ethanol precipitated
twice, and the final DNA concentrations were determined by
an ethidium bromide dot assay. MBg224 was end labeled
with Klenow fragment and [a->?P]dATP by standard meth-
ods (30) and recut with HinclI to generate labeled MBg224-A
and MBg224-B, which were purified by polyacrylamide gel
electrophoresis.

The two strands of an oligonucleotide designated oligo2
were synthesized by D. Lovern, Integrated Genetics, Inc.,
to form an Aval end and an EcoRI end when annealed. The
duplex oligo2 was used as is and was also subcloned into
Aval-EcoRI-cut pUC19, and four subclones were isolated
(see Fig. 8A). Plasmid pmseHbb2, a gift from T. Glaser,
contains the mouse BM-globin gene from EcoRI_,,;, to
BamHI ¢ in pUC12. To obtain the DNA fragment Mg328
from pmseHbb2 for use as unlabeled competitor DNA, the
808-bp HindIII_,,,-BamHI, ,cs (MBg808) fragment was iso-
lated and recut with Sau3A to generate the 328-bp
HindIIl _,,,-Sau3A _,, fragment, which was agarose gel pu-
rified as above. To generate the labeled 113-bp HindIII_,,,-
Fokl_,;, fragment, MBg808 was labeled with Klenow
fragment and recut with Fokl before polyacrylamide gel
purification. Plasmid pHE119, generously provided by C.
Hutchinson, contains the BamH]I , ,¢s-HindlIIl , ,,¢5 fragment
of genomic B-minor (3™)-globin in pBR322. The DNA frag-
ments BamHl, ,s-Taql, sgo, BamHl  4¢s-Hincll 4,4, and
Tagql, sgo-Dral .5 were all used in this study. Plasmid
TDp107, kindly given by T. Ley, contains the Alul fragment
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of the wild-type “ypro (—299 to +36) in HinclI-cut pUCY.
Ncol (which cuts “ypro at —141) and BamHI (which cleaves
in the polylinker) were used to generate a 166-bp “ypro
(—141 to —299) fragment, which was gel purified. To obtain
this fragment as a probe, the plasmid was first cut with
BamHI, labeled with Klenow fragment, and then recut with
Ncol. The plasmids pA84 and OSS 55-58 were a gift from R.
Kingston. Both plasmids (pAH series) contain the human
HSP70 promoter from —84 to BamHI, ,s,; however, OSS
55-58 has an oligo scan mutation from —55 to —58. The
174-bp HindIll_g,-Pstl 4, fragment was gel purified and
labeled at the HindIlIl end with Klenow fragment for use as
a probe. Plasmid pFrCK, a gift from E. Golemis and N.
Hopkins, contains the Friend murine leukemia virus long
terminal repeat from the Clal,q-Kpnlgsy, fragment in
pCDV1 (numbering starts with the 5’ end of the viral
genome). The 175-bp Clal,q,¢-Pstl,gs, fragment was gel
purified as above. For use as a probe, the fragment was
labeled at the Clal end with Klenow fragment.

Cell lines and extracts. Exponentially growing MEL cells
were induced with 1.5% dimethyl sulfoxide (DMSO) in
Dulbecco modified Eagle medium supplemented with 15%
fetal calf serum. Nuclear extracts were made by the proce-
dure of Dignam et al. (14) from the following cell types:
uninduced MEL (745-PC4; superinducible subclone B;-2A);
24-h DMSO-induced MEL; 48-h DMSO-induced MEL; CBS
(a mouse BFU-E [burst-forming unit for erythropoiesis]-like
cell line from T. Mak); K562 (a human chronic myelogenous
leukemia cell line from D. Tuan and I. London); KMOE-2/05
(a human adult erythremia cell line from A. Menon and J.
Lingrel); HL60 (a human promyelocytic cell line from H.
von Melchner); and HeLa (a human epithelial carcinoma line
from P. Sharp). Protein concentration determinations were
done by using the Bio-Rad assay with the bovine gamma
globulin standard from Bio-Rad Laboratories.

The following nuclear and whole-cell extracts were gener-
ously given by the individuals indicated: 3T3-F442A nuclear
extract (mouse adipocyte) from R. Distel and B. Spiegelman;
L-cell nuclear extract, human retinoblastoma nuclear ex-
tract, 414G (TK~ NIH 3T3) nuclear extract (mouse fibro-
blast), 70Z/3 nuclear extract (mouse pre-B cell), and PD
nuclear extract (mouse pre-B cell) from L. Staudt and D.
Baltimore; HAFTL nuclear extract (very early pre-B cell)
from D. Weaver and D. Baltimore; F9 whole-cell extract
(undifferentiated mouse embryonal carcinoma cells) and
BALB/c 3T3 whole-cell extract (mouse embryo fibroblast)
from A. Baldwin and P. Sharp; WEHI-231 nuclear extract
(mouse B cell) from H. Singh and P. Sharp; L691 nuclear
extract (mouse T cell) and BW nuclear extract (mouse T cell)
from D. Mbangkallo and N. Hopkins; EL4 nuclear extract
(mouse T-cell lymphoma) from N. Manley and N. Hopkins;
rat L, myoblast nuclear extract and rat L, myotube nuclear
extract from K. Walsh and P. Schimmel; and WEHI-3
nuclear extract (mouse myelomonocyte) and y-interferon-
induced WEHI-3 nuclear extract from M. Blanar.

Heparin-Sepharose chromatography. Nuclear extract was
made as described above from 9.4 X 10° uninduced MEL
cells. The yield was 15.3 ml of nuclear extract at 20 mg of
protein per ml. A portion of this extract (8 ml) was diluted
with 12 ml of buffer A (20 mM HEPES [N-2-hydroxyethyl-
piperazine-N’-2-ethanesulfonic acid]-NaOH [pH 7.9], 20%
glycerol, 1 mM EDTA, 1 mM dithiothrietol, 1 mM phenyl-
methylsulfonyl fluoride) to 0.04 M KCIl and 8 pg of protein
per ml and loaded onto an 8-ml heparin-Sepharose column
(Pharmacia) preequilibrated with buffer A plus 0.04 M KCl at
a flow rate of 1 column volume per h. The column was
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washed with an additional 3 column volumes of buffer A plus
0.04 M KCl and 5 column volumes each of buffer A plus 0.2
M KCl, buffer A plus 0.4 M KCl, and buffer A plus 1 M KCl.
The column fractions from each salt wash containing the
protein peak were pooled to generate four fraction pools:
heparin-Sepharose fraction A (HS-FxnA), 0.04 M KCl;
fraction B, 0.2 M KClI; fraction C, 0.4 M KCl; and fraction
D, 1 M KCIl. The fraction pools were dialyzed against buffer
D (20 mM HEPES-NaOH [pH 7.9], 20% glycerol, 0.1 M
KCl, 0.2 mM EDTA, 1 mM dithiothreitol, 1 mM phenyl-
methysulfonyl fluoride), and aliquots were stored in liquid
N2'

Gel electrophoresis DNA-binding assay. Binding reactions
were carried out in 15 pl containing 5,000 to 20,000 cpm of an
end-labeled double-stranded DNA fragment, 1 pl of 0 to 2 ug
of poly(dI-dC) - (dI-dC) per nl (Pharmacia) in TE (10 mM
Tris [pH 8.0], and 1 mM EDTA) plus 0.1 M NaCl, binding
buffer (10 mM Tris hydrochloride [pH 7.5], 1 mM EDTA, 1
mM dithiothreitol, 5% glycerol), 2 to 5 ul of protein extract
in buffer D, and additional NaCl or MgCl, or both as
indicated in the figure legends. After the addition of extract,
the reaction mixtures were incubated at room temperature
for 15 min before the addition of 1 pl of 0.1% xylene
cyanol-0.1% bromphenol blue-5% glycerol and a further
10-min incubation (total time, 25 min). The samples were
loaded onto low-ionic-strength 4% polyacrylamide gels (31
[width] by 25 [length] by 0.15 cm; acrylamide-bisacrylamide
ratio of 29:1). Running buffer (6.7 mM Tris acetate [pH 7.5],
3.3 mM sodium acetate, 1 mM EDTA) was circulated
between compartments. Gels were preelectrophoresed for 2
h at 400 V and then for 2 h at 250 V. Gels were electropho-
resed at 250 V (10 V/cm) until bromphenol blue had run
approximately 15 cm (~2.7 h). The gels were then trans-
ferred to Bio-Rad thick blotting filter paper, dried, and
autoradiographed.

DNase I footprint. End-labeled DNAs were incubated in
preparative binding reaction mixtures that were scaled up
six- to sevenfold and that included either 143.5 png of
uninduced MEL HS-FxnA, 1.4 pg of poly(dI-dC) .- (dI-
dC), 3 mM MgCl,, and 40 mM Na* plus K* or 124.8 to 145.6
ng of HL60 nuclear extract, 12 to 14 pg of poly(dI-
dC) . (dI-dC), 3 mM MgCl,, and 20 mM Na™ plus K* in
binding buffer. After 15 min at room temperature, the
samples were treated with DNase I (Worthington Diagnos-
tics) at 20 ng/ml (HL60 nuclear extract) or 60 pg/ml (unin-
duced MEL HS-FxnA) for 15 s at room temperature. Reac-
tions were stopped by the addition of EGTA [ethylene
glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid]
(pH 8.0) to 1 mM to inhibit the DNase I, and the samples
were immediately loaded and electrophoresed as described
above. Free and complexed DNAs were visualized by
autoradiography of the wet gel at 4°C for 4 h with a Du Pont
intensifying screen and then were excised from the gel and
embedded in a 1% agarose gel containing 0.1% sodium
dodecyl sulfate. The labeled DNAs were electrophoresed
onto a strip of DEAE membrane (Schleicher & Schuell, Inc.)
and eluted at 65°C in TE containing 1 M NaCl. The eluted
DNAs were ethanol precipitated twice, rinsed with 95%
ethanol, and dried. Samples were suspended in 80% forma-
mide-SeqTBE (134 mM Tris [pH 8.7], 44 mM boric acid,
0.25 mM EDTA)-0.05% xylene cyanol-0.025% bromphenol
blue and heated at 90°C for 5 min before analysis by
electrophoresis on an 8% acrylamide-7 M urea gel in
SeqTBE buffer. The untreated end-labeled DNAs were also
subjected to Maxam and Gilbert (31) sequence reactions for
G, A+G, and C+T to serve as markers on the sequencing
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gel. Gels were autoradiographed with preflashed Kodak
XAR-5 film at room temperature.

Methylation interference. End-labeled DNA fragments
were partially methylated at the N7 of guanine and the N3 of
adenine residues as detailed by Maxam and Gilbert (31) with
the following modification. The reaction was quenched with
1.5 M sodium acetate (pH 7.0), 1 M B-mercaptoethanol, and
200 pg of glycogen per ml. Methylated DNA was ethanol
precipitated twice, rinsed with 95% ethanol, dried, and
suspended in TE. The preparative binding reactions were
scaled up 13-fold and included 266.5 pg of uninduced MEL
HS-FxnA, 2.6 pg of poly(dI-dC) - (dI-dC), 3 mM MgCl,,
and 40 mM Na* plus K* in binding buffer. Binding and gel
electrophoresis were performed as described above. Visual-
ization, elution, purification, and denaturing-gel analysis of
complexed and free DNAs were performed as described for
DNase I footprint analysis, except that the eluted DNAs
were cleaved with piperidine (31) and ethanol precipitated
twice before the products were resolved by denaturing-gel
electrophoresis.

RESULTS

Detection of factors that bind to sequences from f-globin
IVS2. We wished to determine whether DNA sequences in
the vicinity of the DNase I-hypersensitive site in the IVS2 of
B-globin exhibit specific in vitro binding to nuclear proteins
isolated from uninduced MEL cells. To screen for such
binding, end-labeled DNA fragments were incubated with
nuclear extract of MEL cells in the presence of an excess of
the synthetic copolymer poly(dI-dC) .- (dI-dC) to decrease
non-sequence-specific binding of proteins. DNA-protein
complexes were resolved from free DNA by electrophoresis
in a low-ionic-strength, nondenaturing polyacrylamide gel.

End-labeled subfragments MBg224-A (+465 to +602) and
MpBg224-B (+603 to +689) (Fig. 1) were incubated with
nuclear extract made from uninduced MEL cells in the
absence or presence of four different unlabeled competitor
DNAs to test the sequence specificity of any observed
DNA-protein complexes (Fig. 2). MBg224-A formed several
DNA-protein complexes when incubated with MEL cell
extract (lane 1). We focused on the two major complexes,
which we have designated B1 and B2. Both of these com-
plexes exhibited sequence specificity based on competition
experiments (lanes 1 to 5). MBg224-B formed a single major
complex, designated B (lane 9). Complex B also exhibited
sequence specificity in competition experiments (lanes 9 to
13). For each of the complexes, the intensity of the band
containing the sequence-specific DNA-protein complex was
selectively decreased by the inclusion of specific unlabeled
competitor DNA MBg224 in the reaction mixture but not by
the inclusion of the nonspecific unlabeled competitor DNA
MpBgl34, MBg391, or pUC322 (see Fig. 1 for a description of
the MBg fragments; pUC322 is a 322-bp Pvull fragment from
pUC19).

Complex B1 uniformly exhibited a sequence-specific re-
sponse in the competition assay. Complex B2, however,
exhibited variability in response in the competition assay
(regardless of the buffer salt concentrations); the complex
was sometimes as sensitive to the addition of unlabeled
nonspecific DNA as to the addition of unlabeled specific
DNA. Since complex B2 is sequence specific (see Fig. 6 to
8), we suggest that the variability of the response of complex
B2 with nonspecific competitors may relate to the relatively
low salt optima for the formation of this complex (see Fig. 4)
and the addition of small amounts of salt with competitor
DNA:s.
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FIG. 2. Detection of nuclear proteins binding to two murine
gM-globin IVS2 DNA segments in uninduced MEL (U-MEL) nu-
clear extract. End-labeled 156-bp MBg224-A (~0.45 ng) and 89-bp
MpBg224-B (~0.46 ng) fragments were each incubated with 10 pg of
uninduced MEL nuclear extract or 8.2 pg of uninduced MEL
HS-FxnA (40 mM KCI wash). Each reaction mixture also contained
0.5 ug of poly(dI-dC) - (dI-dC), 20 mM Na™ plus K*, 5 mM MgCl,,
and various unlabeled DNA fragments in binding buffer. The reac-
tion mixtures were electrophoresed through a low-ionic-strength 4%
polyacrylamide gel as described in Materials and Methods. The
binding reaction mixtures included: no unlabeled DNA competitor
(lanes 1, 6, 9, and 14); 40 ng of unlabeled DNA fragment MBg224,
MpBg391, MBgl34, or pUC322 (lanes 2 to 5 and 10 to 13, respec-
tively); and 20 ng of unlabeled DNA fragment MBg224 or pUC322
(lanes 7 and 8, respectively). The murine M-globin (MBg) DNA
fragments are depicted in Fig. 1, and pUC322 is a 322-bp Pvull
fragment from pUC19. F, Migration positions of the free fragments.
B, B1, and B2, Migration positions of the bound complexes.

Uninduced MEL cell nuclear extract was fractionated on
a heparin-Sepharose column by step elution. The four frac-
tions obtained were tested in binding experiments similar to
those described above. HS-FxnA (0.04 M KCl wash) was
observed to contain the protein(s) involved in the formation
of both the DNA-protein complexes Bl and B2 with
MpBg224-A (Fig. 2, lanes 6 to 8) and also of complex B with
MBg224-B (lane 14).

Initial localization of binding. To delimit the binding region
within MBg224-A, oligo2 was synthesized (Fig. 3C). This
oligonucleotide was an effective competitor for the protein
which forms complex B1 (Fig. 3A, lanes 1 to 4). Owing to the
difficulties stated above in interpreting competition for the
B2 complex, we cannot say that oligo2 is a specific compet-
itor for the B2 complex formed with MBg224-A. However,
oligo2 formed both complexes Bl and B2 when incubated
with the MEL cell nuclear extract HS-FxnA (lanes 9 to 12).
These results indicate that this oligonucleotide contains the
complete binding site necessary to form both complexes.
Oligo2 was also an effective competitor for the formation of
complex B by MBg224-B (lanes 5 to 7). Within oligo2 there is
a 17-bp region with 76% homology between DNA fragments
MpBg224-A and MBg224-B (Fig. 3B), suggesting the possibil-
ity that this sequence is involved in the formation of either
complex B1 or B2 and complex B. The uniform behavior of
complex B in the competition assay suggests that it is more
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likely to correspond to complex B1 than to complex B2. In
addition, unlabeled MBg224-B is an effective specific com-
petitor for the formation of complex B1 on labeled oligo2
(data not shown).

Characterization of salt optima for complexes B1 and B2.
To more precisely define the optimal salt concentrations for

A.
Extract : U-MEL HS-FxnA
Probe : MBg224-A MBg224-B oligo2
C I g a” gj gl g} N]
ompetitor w o o w NN
DNA: 2588258822888
=SS Ao a~o==
i -2 345 6 18 910112
- [
~F
B.

+548 +564
MBg224-A: 5"-AAAAAAAGGGGAAGCGA-3

top strand

MBg224-B: 5'-AAAGAAAGAGGAAATGA-3" bottom strand

+685 +669
C' ; MBg224-A MBg224-B
 ageere T £y
MBg224
o — 27 T T2
+465 +602 +689
oligo2

+521 +580

FIG. 3. Region of homology between MBg224-A and MBg224-B
contains a binding site in common. (A) End-labeled MPg224-A (0.49
ng), MBg224-B (0.41 ng), and oligo2 (0.16 ng) were each incubated
with 12.3 pg of uninduced MEL (U-MEL) HS-FxnA and 0.2 pg of
poly(dI-dC) - (dI-dC) in binding buffer containing 27 mM Na* plus
K* and 5 mM MgCl,. For each labeled DNA fragment, the reaction
mixture also contained: no unlabeled DNA competitor (lanes 1, 5,
and 9) or unlabeled DNA fragment oligo2 (lanes 2, 6, and 10),
MpBg224 (lanes 3, 7, and 11), or pUC322 (lanes 4, 8, and 12). The
molar excess of unlabeled DNA fragment ranged from 21- to 30-fold
but was consistent for a particular labeled DNA fragment. F,
Migration positions of the free fragments. B, B1, and B2, Migration
positions of the bound complexes. (B) The 17-bp region of homology
between MBg224-A and MBg224-B. (C) Diagram of the globin DNAs
used as both probes and competitors. 71 , Homologous regions.
The base pair numbers are relative to the cap site at +1.
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FIG. 4. Optimization of salt conditions for protein binding. Sub-
clone oligo2-4 (see Fig. 8) was excised from pUC19 with Aval-
EcoRI and end labeled by using Klenow fragment and [«->2P]dATP.
Probe oligo2-4 (0.15 ng) was incubated with 12.3 pg of uninduced
MEL (U-MEL) HS-FxnA and 0.2 pg of poly(dI-dC) - (dI-dC) in
reaction mixtures with various concentrations of Na* plus K* and
MgCl,: 27 mM Na* plus K* and increasing concentrations of MgCl,
as indicated (lanes 1 to 6); 77 mM Na* plus K* and increasing
concentrations of MgCl, as indicated (lanes 7 to 12); and increasing
concentrations of Na* plus K* as indicated and 3 mM MgCl, (lanes
13 to 18). F, Migration position of the free fragment. B1 and B2,
Migration positions of the bound complexes.

7 8 910 It 12

the formation of complexes B1 and B2, their formation was
examined at various concentrations of total Na* plus K*
and MgCl, (Fig. 4). The optimal salt conditions for the two
complexes were very different. Complex Bl formed most
efficiently at low total Na™ plus K* and 3 mM MgCl, (lanes
1 to 6 and 13 to 18), but its stability could be enhanced at
MgCl, concentrations of <3 mM if the total Na* plus K*
was raised above 27 mM (lanes 7 and 8). Complex B2, on the
other hand, was most stable at low total Na* plus K* and 0
to 1 mM MgCl, (lanes 1 to 6). These differences in salt
optima, along with the different electrophoretic mobilities of
complexes Bl and B2, suggest that two different proteins are
involved in the formation of these two DNA-protein com-
plexes.

Tissue specificity of factors B1 and B2. If either complex Bl
or B2 is relevant to tissue specificity of expression of the
B-globin gene, then we might expect to observe a limited
tissue distribution of the nuclear proteins which form these
complexes. To examine this question, nuclear extracts pre-
pared from a variety of cell lines were screened for the
ability to form DNA-protein complexes B1 and B2 (Fig. §
and Table 1). The erythroid cell lines tested included lines
with the capacity to express globin genes under the proper
stimuli (Fig. 5A). To determine if these factors exhibit major
differences in activity during MEL cell differentiation, ex-
tracts made from MEL cells treated with DMSO, an inducer
of erythroid differentiation, were compared with extracts

TWO TISSUE-SPECIFIC FACTORS BIND TO B-GLOBIN IVS2 385

prepared from uninduced cells (lane 1). Both DNA-protein
complexes were observed at significant levels in extracts
prepared from MEL cells exposed to DMSO for 24 h (lane 2)
and 48 h (lane 3). While precise quantitative comparison is
difficult, it is clear that major differences in the levels of
formation of complexes B1 and B2 were not observed among
these extracts.

Two human erythroid lines, K562 (lane 7) and KMOE
(lanes 8 to 10), exhibited formation of complexes B1 and B2
(Fig. SA). With these extracts, complex B2 appeared as a
weak band below a stronger nonspecific band. However,
when these extracts were incubated in binding reaction
mixtures with optimal salt concentrations for the formation
of complex B2, complex B2 was much more evident (lanes
12 and 13). CBS, a mouse BFU-E-like line, appeared to
contain factor B2 but not factor Bl (lanes 4 to 6).

Nuclear extracts from a number of nonerythroid hemato-
poietic cell lines were also tested for the presence of the
protein factors responsible for the formation of complexes
B1 and B2 (Fig. 5B). None of these extracts contained the
protein factor responsible for the formation of the DNA-
protein complex B2. This was further confirmed by similar
experiments performed at the optimal salt condition for
complex B2 formation (data not shown). Still no B2 complex
formation was observed with any of these extracts. How-
ever, the DNA-protein complex B1 was detected in extracts
made from cell lines of B-cell (lanes 2 to 7) and myelomon-
ocyte (lanes 8 to 12) lineages. Very little B1 complex was
evident with the HL60 extract (lanes 10 to 12). Control
experiments have suggested that significant proteolysis may
have occurred during preparation of this extract (data not
shown). However, the myelomonocyte lines (HL60 and
WEHI-3) also contained a sequence-specific DNA-protein
complex (designated B1*) with much faster mobility than
complex B1. As discussed below, complex B1* involved the
same DN A-binding site as complex B1 and therefore is likely
to be related in structure to B1. A sequence-specific complex
migrating slightly more slowly than complex B1* was weakly
evident with the B-cell extracts 70Z/3 and HAFTL. A similar
complex was also occasionally observed with erythroid
extracts (Fig. 5A). This complex may result from binding of
a proteolytic fragment of factor B1; however, we have not
studied these weak complexes further. Extracts made from
cell lines of T-cell lineage (lanes 13 to 15 and Table 1) were
not observed to form complex B1.

Extracts from several nonhematopoietic cell lines were
also examined in the binding assay (Fig. 5C). Neither DNA-
protein complex was detected in any of the extracts from
these cell lines: F9 embryonal carcinoma (lanes 2 to 4),
BALB/c 3T3 fibroblast (lanes S to 7), 3T3-F442A adipocyte
(lanes 8 to 10), human retinoblastoma (lanes 11 to 13), rat L
myotube (lanes 14 to 16), and rat L, myoblast, HeLa
epithelial carcinoma, L-cell fibroblast, and 414G 3T3 fibro-
blast (Table 1). A weak complex was observed with the F9
cell extract that comigrated with complex B1, but it was not
specific in the competition assay. In control experiments
with other probes, it has been shown that all of the extracts
tested in this survey (with the possible exception of HL60)
contain other expected DNA-binding proteins (e.g., NF-Al,
NF-pEl, NF-pE3, CTF, aP2, MLTF, MAPF, and E2F) in
intact form and are, therefore, not degraded (2, 7, 15, 40, 46,
49a, 50; D. Galson, unpublished data).

The results of the tissue survey for the factors involved in
the formation of complexes Bl and B2 are summarized in
Table 1. The DNA-protein complex B2 was only detected in
extracts from erythroid-lineage cell lines. The DNA-protein
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complex B1 was detected in extracts from erythroid-lineage
cell lines, B-cell-lineage cell lines, and myelomonocyte-
lineage cell lines but not T-cell-lineage cell lines or any
nonhematopoietic cell lines.

Binding domains for B1 and B2. DNase I footprint analysis
(19) was used to delineate the binding domains of the factors
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FIG. 5. Analysis of Bl and B2 binding in extracts from a variety
of cell lines. (A) Erythroid lines. End-labeled oligo2-4 (0.15 to 0.22
ng) was incubated with various nuclear extracts (9.7 to 17.5 pg) in
binding buffer containing 1 to 2 pg of poly(dI-dC) - (dI-dC), 20 mM
Na™ plus K*, and 3 to 5 mM MgCl, (lanes 1 to 10) or 1 mM MgCl,
(lanes 11 to 13). Nuclear extract in lanes: 1, uninduced MEL; 2, 24-h
DMSO-induced MEL (26% committed cells); 3, 48-h DMSO-in-
duced MEL (63% committed cells); 4 to 6, CBS (mouse BFU-E-like
cell line); 7, K562 (human chronic myelogenous leukemia line); 8 to
10, KMOE (human adult erythemia line); 11, uninduced MEL; 12,
K562; 13, KMOE. In some cases, 20X molar excess unlabeled
competitor DNAs were also added: MBg224 (lanes 5 and 9) and
pUC322 (lanes 6 and 10). (B) Hematopoietic, nonerythroid lines.
End-labeled oligo2-4 (0.16 ng) was incubated with various nuclear
extracts (3 to 10 pg) in binding buffer containing 0.5 to 2 pg of
poly(dI-dC) - (dI-dC), 70 mM Na™ plus K*, and no MgCl,. Nuclear
extract in lanes: 1, uninduced MEL; 2, WEHI-231 (W; B-cell); 3, PD
(pre-B cell); 4 to 6, 70Z/3 (pre-B cell); 7, HAFTL (H; very early
pre-B cell); 8, uninduced WEHI-3 (W3 y~; myelomonocyte); 9, -
interferon-induced WEHI-3 (W3 v*); 10 to 12, HL60 (human
promyelocytic cell); 13 to 15, EL4 (T-cell lymphoma). In some
cases, 20X molar excess unlabeled competitor DNAs were also
added: MBg224 (lanes 5, 11, and 14) and pUC322 (lanes 6, 12, and
15). All the cell lines were derived from mouse cells except HL60.
(C) Nonhematopoietic lines. End-labeled oligo2-4 (0.15 to 0.22 ng)
was incubated with various nuclear extracts (3 to 10 ug) in binding
buffer containing 0.2 to 2 pg of poly(dI-dC) - (dI-dC) and either 20
mM Na™ plus K* plus 3 to S mM MgCl, or 70 mM Na* plus K* plus
no MgCl,. Extract in lanes: 1, uninduced MEL nuclear extract; 2 to
4, F9 whole-cell extract (mouse embryonal carcinoma cell); S to 7,
BALB/c 3T3 whole-cell extract (mouse fibroblast); 8 to 10, 3T3-
F442A nuclear extract (Adip; mouse adipocyte); 11 to 13, human
retinoblastoma nuclear extract (RetBl); 14 to 16, L¢ nuclear extract
(Myo; rat myotube). In some cases, 20X molar excess unlabeled
competitor DNAs were also added: MBg224 (lanes 3, 6, 9, 12, and
15) and pUC322 (lanes 4, 7, 10, 13, and 16). All of the extracts tested
in panels A, B, and C and in Table 1 have been shown to contain
other characterized DNA-binding proteins in intact form and are
therefore not degraded (data not shown). F, Migration positions of
the free fragments. B1*, B1, and B2, Migration positions of the
bound complexes.
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TABLE 1. Tissue specificity of binding factors

Cell line® Cell type Complex Bl Complex B2
Erythroid
Uninduced-MEL Murine proerythroblast + +
24]-MEL Murine normoblast + +
481-MEL Murine normoblast + +
CBS Murine BFU-E-like - +
K562 Human chronic myelogenous leukemia + +
KMOE Human adult erythremia + +
Hematopoietic
WEHI-231 Murine B cell + -
PD Murine pre-B <1t + -
70Z/3 Murine pre-B ceil + -
HAFTL Murine very pre-B cell + -
WEHI-3 Murine myelomonocyte + -
HL60 Human promyelocyte + -

EL4 Murine T-cell lymphoma
L691* Murine T-cell lymphoma
BwW* Murine T-cell lymphoma

Nonhematopoietic

HeLa* Human cervical carcinoma
F9 Murine embryonal carcinoma
BALB/c 3T3 Murine fibroblast

L-cell* Murine fibroblast

414G 3T3* Murine fibroblast

RetBI Human retinoblastoma

Lo MYOT Rat myotube

Ls MYOB* Rat myoblast

3T3-F442A Murine adipocyte

2 The data for this table were obtained from Fig. 5 except for cell lines designated with an asterisk (*) (data not shown). 24I-MEL and 48I-MEL, Cells induced

with DMSO for 24 and 48 h, respectively.

present in complexes B1 and B2 (Fig. 6). Binding reactions
containing either uninduced MEL nuclear extract HS-FxnA
or HL60 nuclear extract were treated with DNase I to
produce a partial digestion of the DNA. The Bl and B2
complexes and free DNA were resolved by electrophoresis
on a low-ionic-strength native polyacrylamide gel. The DNA
was eluted from the bands containing complexes B1 and B2
and free DNA and analyzed on a sequencing gel. DNAs from
G, A+G, and C+T Maxam and Gilbert sequencing reactions
were coelectrophoresed to provide identification of the re-
gion protected from DNase I cleavage. The region of DNase
I protection was different for complexes B1 and B2. How-
ever, the DNase I-protected region of complex B1 formed
with extract derived from uninduced MEL cells was the
same as that of complex B1* observed with extract derived
from HL60 cells. In complex B1, the protected region
encompassed 17 bp (+551 to +567) on the coding strand and
16 bp (+549 to +564) on the noncoding strand in extracts
derived from both uninduced MEL (Fig. 6A and B, lanes 2)
and HL60 (lanes 4) cells. This region overlapped the region
of homology with DNA fragment MBg224-B (Fig. 3B),
confirming the suggestion from the data in Fig. 3 that it is
complex Bl observed with MBg224-A that corresponds to
complex B observed with MBg224-B. The two Bl-binding
sites in MBg224-A and MBg224-B were therefore designated
B1-A and B1-B, respectively. In complex B2 (observed only
in erythroid lines), the protected region extended over 8 bp
(+539 to +546) on the coding strand (Fig. 6A, lane 1) and 12
bp (+537 to +548) on the noncoding strand (Fig. 6B, lane 1).
The binding domains for complexes B1 (B1-A site) and B2
are next to each other, which suggests the possibility that the
proteins involved in the formation of the two complexes
interact with each other. The extent of protection of nucle-

otides within the protected regions was not uniform, and in
fact, there were some nucleotides within the protected
region of complex B1 (+559 coding; +553 and +556 non-
coding) which exhibited enhanced sensitivity to DNase I
cleavage when protein was bound. This suggests that the
interaction of the protein with the DNA results in an
alteration in the structure of the DNA helix.

Sequence of the binding sites for B1 and B2. A methylation
interference assay was used (44) to define more precisely the
contact residues on the DNA for the two binding factors.
This assay identifies methylations both at the N7 of guanine
residues (in the major groove) and at the N3 of adenine
residues (in the minor groove) which prevent binding of a
factor to the DNA. DNA molecules with a methyl-G or
methyl-A that interferes with binding are depleted from the
population in the DNA-protein complex, and this results in
gaps in the sequence ladder of the complexed DNA com-
pared with that of free DNA. For this assay, probe oligo2-4,
end labeled on either one strand or the other, was partially
methylated by dimethyl sulfate and incubated with unin-
duced MEL nuclear extract HS-FxnA. The resultant DNA
in complexes Bl and B2, as well as the free DNA, was
isolated from a preparative gel, cleaved with piperidine, and
resolved on a sequencing gel (Fig. 7). In complex BI,
numerous contacts in both the major and minor grooves are
evident on the coding strand (Fig. 7A, lane 5) and are all
contained within the DNase I-protected region mapped in
Fig. 6. However, owing to the presence of mostly cytidine
and thymidine residues on the noncoding strand, limited
information can be deduced, except to exclude interference
by methylation of the one guanine (at +562) within the
DNase I-protected region on that strand (Fig. 7B, lane 5). In
complex B2, the interfering adenines and guanines are again
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FIG. 6. DNase I footprint analysis of the B1 and B2 complexes.
DNase I footprinting was performed as described in Materials and
Methods. Aval-EcoRI-excised oligo2-4 was labeled by Klenow
fragment on the coding strand (A) at the EcoRI end with [a-
32P]dATP and on the noncoding strand (B) at the Aval end with
[a-*?P]dCTP. DNase I protection assays were carried out on the
labeled DNAs in binding reactions containing either uninduced
MEL (U-MEL) HS-FxnA (lanes 1 to 3) or HL60 nuclear extract
(lanes 4 and 5), and the DNA-protein complexes were separated
from free DNA (F) by gel electrophoresis as described in Materials
and Methods. In the case of reactions containing uninduced MEL
HS-FxnA, DNA from the complexes designated B2 (lanes 1) and B1
(lanes 2) and free DNA (lanes 3) were eluted. In the case of reactions
containing HL60 nuclear extract, DNA from the complex desig-
nated B1* (lanes 4) in Fig. 5 and free DNA (lanes 5) were eluted. The
eluted DNAs were analyzed by electrophoresis on sequencing gels.
Maxam and Gilbert sequence reactions for C+T, A+G, and G were
used as size markers (lanes 6 to 8, as indicated above each lane). The
brackets summarize the DNase I protection. The base pair numbers
are relative to the cap site at +1.

all contained within the DNase I-protected region mapped in
Fig. 6. Multiple contacts were observed on the noncoding
strand (Fig. 6B, lane 4) and with the adenines (at +543 and
+546) on the coding strand (Fig. 6A, lane 4).

A summary of the data obtained from both the DNase I
protection and methylation interference studies is presented
in Fig. 7C. In general, interference was weaker with the
guanine and adenine residues at the borders of the binding
sites. The binding sites as defined by methylation interfer-
ence were several bases smaller on either side than were the
DNase I-protected regions. The proposed binding sites for
the two complexes are 5'-AAAGGGGAAGCG-3' for B1-A
and 5'-TCCTATCA-3' for B2.

Sequence specificity of factors B1 and B2. To characterize
more precisely the base sequence specificity of the binding
interactions of B1 and B2, four isolates of subcloned oligo2
that contained sequence mutations (Fig. 8A) were tested in
the electrophoresis mobility shift assay (Fig. 8B). This
provided further insight into the binding-site requirements
for complexes B1 and B2. The probe in lane 1 is the oligo2
mixture prior to subcloning; both complexes B1 and B2 are

MoL. CeLL. BioL.

evident. The probes in lanes 2 to 5 are the subclones of
oligo2: 2-1, 2-4, 2-10, and 2-14, respectively. All of the
subclones could form complex B1, even though oligo2-14
(lane 5) contains a G-to-A change at +555, a site within the
Bl-binding domain. However, the single-base deletions
within the binding site for complex B2 in oligo2-1 and
oligo2-10 negatively affected the formation of the B2 com-
plex. Oligo2-1 (lane 2) could participate weakly in complex
B2 formation; however, oligo2-10 (lane 4) could not form
complex B2 at all. Although it may appear that oligo2-4 (lane

A. B.

Coding

Non—-coding

B2 B1

1
+533 I ® O [O........O o ] +570
CAACCTTCCTATCAGAAAAAAAGGGGAAGCGATTCTAG

GTTGGAAGGATAGTCTTTTTTTCCCCTTCGCTAAGATC
I ocoee ee II l

FIG. 7. Methylation interference footprint analysis of the B1 and
B2 complexes. Methylation interference footprinting was performed
as described in Materials and Methods. Aval-EcoRl-excised oligo2-
4 was labeled by Klenow fragment on the coding strand (A) at the
EcoRI end with [o-*?P]JdATP and on the noncoding strand (B) at the
Aval end with [a-*?P]dCTP. Both labeled DNAs were partially
methylated and incubated in binding reactions containing uninduced
MEL HS-FxnA (lanes 4 to 6), and the DN A-protein complexes were
separated from free DNA by gel electrophoresis as described in
Materials and Methods. DNAs from the complexes designated B2
(lanes 4) and B1 (lanes 5) and free DNA (F; lanes 6) were eluted. The
eluted DNAs were cleaved by piperidine, and the products were
analyzed by electrophoresis on sequencing gels. Maxam and Gilbert
sequence reactions for C+T, A+G, and G were used as size
markers (lanes 1, 2, and 3, respectively). The long arrows designate
strongly interfering methyl-guanine and methyl-adenine residues;
the short arrows designate weakly interfering methyl-guanine and
methyl-adenine residues. (C) Summary of the DNase I protection
results from Fig. 6 and the methylation interference results above.
The brackets indicate the DNase I-protected regions. Symbols: @,
strongly interfering methyl-guanine and methyl-adenine residues; O,
weakly interfering methyl-guanine and methyl-adenine residues.
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FIG. 8. Binding to four subclones of oligo2 with sequence differ-
ences. (A) The sequence of oligo2 and the four subclones, with their
nucleotide differences indicated as O to indicate a missing nucleo-
tide or A to indicate a change from the original sequence. The
brackets indicate the DNase I-protected regions from both strands
combined for each complex as marked. (B) Each of the oligo2
subclones was excised from pUC19 with Aval-EcoRI. The sub-
clones and oligo2 were then end labeled by using Klenow fragment
and [a->2PJdATP. All probes were purified from a polyacrylamide
gel. Each probe was incubated with 12.3 pg of U-MEL HS-FxnA
and 0.2 pg of poly(dI-dC) - (dI-dC) in binding buffer containing 27
mM Na* plus K* and 5 mM MgCl,. Lanes: 1, oligo2; 2, oligo2-1; 3,
oligo2-4; 4, oligo2-10; S, oligo2-14. F, Migration position of the free
fragment. B1 and B2, Migration positions of the bound complexes.

3) bound factor B2 more efficiently than did the oligo2
mixture (lane 1), this was not a reproducible observation.
Therefore, the mutations in oligo2-4 had no effect on the
binding of either B1 or B2.

The mouse B™-globin IVS2 also contains binding sites
B1-A, B1-B, and B2. The B2-binding site is completely
homologous between the BM- and B™-globin genes. How-
ever, there are sequence differences in the B1l-binding sites
between the M- and B™-globin genes as well as between the
B1-A and B1-B sites themselves. The different forms of each
of the two Bl-binding sites in the M- and B™-globin IVS2
regions, as well as the oligo2-14 mutation, are shown in Fig.
9A. These five sequences have been demonstrated to partic-
ipate in the formation of complex B1 (data not shown for
B™-globin B1 sites). The differences observed between dif-
ferent B1 sites are all conservative changes: purine for
purine and pyrimidine for pyrimidine. A possible core con-
sensus, delimited by the methylation interferences observed
in Fig. 7, for the Bl-binding site is indicated underneath.

To further examine the binding-site requirements for the
formation of the B1 complex, competitioh assays with DNA
fragments containing sequences with homology to the Bl-
binding site were carried out (Fig. 9B). The unlabeled DNAs
were tested for the ability to be an effective competitor for
the protein which forms complex Bl on labeled oligo2-4.
Also, a 20x molar excess of unlabeled MBg244 was tested
for specific competition against each of the DNAs as probe.
The following DNAs with 58 to 75% homology to the 12-bp
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core consensus sequence for B1 were tested for the ability to
bind factor Bl: a fragment from the 5’-flanking DNase
I-hypersensitive site of mouse BM-globin; a fragmént from
the S’-flanking DNase I-hypersensitive site of human “vy-
globin (22); the wild-type human HSP70 promoter serum
response element (SRE) (52); an oligo scan mutant of the
human HSP70 SRE; and the 175-bp Clal,¢¢-Pstl,4s, frag-
ment from Friend murine leukemia virus containing the U3
border (the precise labeled and unlabeled DN As used in this
study are described in Materials and Methods). None of the
DNAs shown in Fig. 9B could effectively compete for factor
B1, nor could they form any B1-like complex. These results
indicate that although some nucleotide variation in the
B1-binding sites that can form the Bl coriplex exists, the
interaction is quite sequence specific and random purine-rich
stretches do not bind factor B1.

DISCUSSION

Using an electrophoretic mobility shift assay, we detected
two distinct séquence-specific factors in uninduced MEL
nuclear extract that could bind to motifs within the DNase
I-hypersensitive region of mouse B-globin IVS2. One of
these factors, B1, bound to two homologous sites, B1-A and
B1-B, which are approximately 100 bp apart and on opposite
DNA strands. The tissue distribution of this factor was
limited to a subset of hematopoietic cell lines. The other
factor, B2, bound to a site very close to the B1-A site and
was limited to cells of the erythroid lineage.

Factor B1 was found in all the erythroid cell types tested
except for CBS. This cell line has been determined to be
blocked at a very early stage of erythropoiesis and resembles
a BFU-E cell (42). The absence of factor Bl in the CBS cells
suggests the possibility that the factor is differentiation-stage
specific for later stages. We were unable to demonstrate this
point directly, because CBS cells do not respord to inducers
of differentiation in a synchronous manner. As a result, it is
not possible to obtain large uniform populations of late-stage
erythroid cells from CBS cultures.

The presence of factor B1 in several nonerythroid hema-
topoietic cell types suggests that this factor may be impor-
tant for the control of expression of other genes besides

A. SEQUENCES DEMONSTRATED TO FORM COMPLEX B1:

Bl Site in 0l1igo2-14
Bl-A Site in p-major-globin +548 AAAAAAAGGGGAAGCGATTC +567
B1-A Site in p-minor-globin +548 AAGGAAAGGGGAAGCGATTC +567
B1-B Sfte in p-major-globin +685 AAAGAAAGAGGAAATGACAA  +666
B1-B Site in p-minor-globin +705 CAAGAAAGAGGAAATGACAA +686

B1 _CORE CONSENSUS -arrAAARRGGAARYGay -~

B. SEQUENCES WHICH FAIL TO FORM COMPLEX B1:
5' flank mouse p-major-globin -310 aaaaAAAGGAAAATTA -293

5' flank human A7-globin -204 ccccCMGAEATICT -219
WT huHSP70 SRE 7 -61 ctcaBAAGGGAARAGE -46
MUT huHSP70 SRE (0SS 55-58) -62 ﬂct%m -47
F-MuLV LTR 7805 aaa 7820

FIG. 9. Sequence specificity of factor B1. (A) The B1-A sites are
on the coding strand and the B1-B sites are on the noncoding strand.
The methylation interference results from Fig. 7 were used to
delimit the Bl core consensus. (B) The underlined nucleotides
deviate from the putative Bl core consensus sequence above.
Nucleotide positions from the respective cap site (+1) are indicated;
except for Friend murine leukemia virus long terminal repeat
(F-MuLV LTR), which has the nucleotide position from the 5’ end
of the viral genome indicated. See text for details.
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B-globin. A very substantial amount of complex B1* was
formed by HL60 nuclear extract. The DNase I protection
footprint of complex B1* was identical to that of complex B1
(Fig. 6). Therefore, the protein involved in the formation of
complex B1* is probably related to factor B1. Because HL60
extracts have high levels of proteolytic activity, we suggest
that B1* may derive from Bl by cleavage. Alternatively,
factor B1* could represent a different polypeptide from
factor B1. The octamer-motif-binding proteins NF-A1 and
NF-A2 provide a precedent for different trans-acting factors
recognizing the same binding site in different cell types (46).

The presence of DNase I protection and methylation
interference footprints demonstrates that the formation of
complex B2 exhibits strong sequence specificity. This con-
clusion is further strengthened by the demonstration that the
deletion of a single base in the B2-binding site was sufficient
to prevent B2 binding (Fig. 8). However, in the competition
assays, the ability of unlabeled nonspecific DNAs to com-
pete was sometimes equal to that of the unlabeled specific
DNA even at optimal buffer salt concentrations. This obser-
vation may be considered in relation to the salt optima for
this DNA-protein interaction. This complex requires both
very low monovalent cation and very low Mg?* concentra-
tions. Consequently, the complex would be very sensitive to
the addition of any positively charged contaminants con-
tained in the unlabeled DNA preparations independent of the
DNA sequénce content of the competitor DNA.

The erythroid specificity of factor B2 raises some ques-
tions. Is this factor involved in the regulation of other
erythroid-specific genes? Could factor B2 play a significant
role in establishing the restriction of B-globin gene transcrip-
tion to cells of the erythroid lineage? The latter hypothesis
could be tested by site-directed mutagenesis of the B2-
binding site to eliminate B2 binding and analysis of the tissue
specificity of expression of the mutant B-globin genes.

The footprint data in Fig. 6 and 7 indicate that factors B1
and B2 bound at independent sites. This conclusion is
supported by the fact that Bl and B2 binding could be
observed separately in certain extracts; i.e., B1 binding, but
not B2 binding, was observed in nonerythroid hematopoietic
cell extracts, and B2 binding, but not Bl binding, was
observed in CBS extracts. In addition, site B1-B in both the
B™- and B™-globin genes could be bound by factor Bl even
in the absence of an accompanying B2-binding site, and
oligo2-1 and oligo2-10, which have mutations in the B2-
binding site that negatively affect B2 binding, could still bind
factor B1 efficiently.

The B2-binding site delineated by methylation interfer-
ence footprint analysis extended from +539 to +546in IVS2,
whereas site B1-A included the sequences from +552 to
+563. Thus, the two sites are only separated by 5 nucleo-
tides (the DNase I footprints are even closer). The proximity
of these two binding sites indicates that the two factors could
either interact cooperatively or sterically block one another
such that only one can bind at a time. Either possibility could
serve a regulatory role. The enhanced DNase I sensitivity of
certain bases upon protein binding in complex B1 suggests
that the DNA helix structure becomes distorted by the
interaction with factor B1. Such bending has been observed
with other DN A-protein interactions (28, 32, 37, 43, 49). The
stored energy of an induced bend could be used in a
regulatory manner, such as opening the DNA helix for
transcription.

Hypersensitive sites have been most strongly implicated
in the establishment of a permissive conformation that is
required, but is not sufficient, for transcription. Several
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hypersensitive sites appear in the human B-globin gene at
fetal stages when the gene is not yet transcribed (22). In
particular, a hypersensitive site is observed in the human
B-globin IVS2 in a position similar to that in the mouse
B-globin gene. During the differentiation of MEL cells, a
DNase I-hypersensitive site appears in the 5’ flank of the
endogenous B-globin gene coordinate with the induction of
transcription (1, 25, 38, 41). However, when B-globin genes
are transfected into MEL cells, the DNase I-hypersensitive
site in the 5'-flanking region is present prior to induction of
the cells even though the genes are not yet transcribed (11).
The appearance of DNase I-hypersensitive sites coincides
with globin gene activation during chicken development (23),
but the sites are retained after the genes are turned off again
(24). Benezra et al. (4) have shown that while nucleosomes
are phased on the B-globin gene in nonerythroid cells, there
is a gap in the phasing bordered by the 5’-flanking and IVS2
hypersensitive sites in erythroid cells. This finding indicates
that sequence-specific DNA-binding proteins differentially
expressed in erythroid cells are responsible for determining
the boundaries of the gapped region and the initiation of the
phasing outward from the gap boundaries.

An intriguing possibility is that the binding sites described
in this study may play such a role(s). The spacing between
the B1-A and B1-B sites of about 100 bp or approximately
one turn around a nucleosome is particularly suggestive in
this context. This spacing would permit DNA folding in the
nucleosome to bring these sites into close proximity in
three-dimensional space. Alternatively, B1 factors bound at
the two B1 sites could cooperatively interact to cause DNA
looping, which has been demonstrated to occur in several
systems (36, 39). Although independent binding to each site
was detected, the functional roles of the sites may rely on the
pairwise relationship. The putative importance of binding
site B1-B is supported by the observation that the M- and
B™-globin genes are very homologous through to +597 (3’ to
B1-A) and then diverge greatly through the rest of IVS2
except for another short span of 43 bp with good homology
between them at +659 to +702 BM and +679 to +722 B™;
this second region contains the B1-B site. In addition, very
close to site B1-B (+666 to +685) is a match of seven of eight
residues (AGTTGCAT) with the octamer motif (at +704)
involved in the enhancer activity of a number of genes (5, 12,
33, 45). We have established that this site can be bound by
the ubiquitous factor NF-A1l (D. Galson, unpublished data).
There is also a binding site for NF-Al (an eight-of-eight
match) at —322 of the BM-globin gene (D. Galson, unpub-
lished data), which is in the neighborhood of the 5' DNase
I-hypersensitive site. The octamer motif and the new binding
sites identified in this study may all have roles in the creation
or maintenance of the DNase I-hypersensitive structure in
the IVS2.

Coordinate with the induction of B-globin transcription in
MEL cells, the DNase I-hypersensitive site within the IVS2
decreases in intensity, although it does not disappear en-
tirely (1, 4, 25, 38, 41). This change could be the result of loss
of the hypersensitive site structure itself or could be due to
the presence of transcription complexes covering the hyper-
sensitive site structure and hindering access by DNase I. If
factor B1 or factor B2 or both are required in a rate-limiting
way for the maintenance of the hypersensitive site structure
and the hypersensitive structure is lost when transcription
commences, then one would expect the levels of B1 or B2 or
both to drop as MEL cells induce. However, if the hyper-
sensitive structure is still present during transcription, then
the levels of B1 and B2 should not change as MEL cells
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induce. It is clear from the data in Fig. 5A that neither factor
was lost by 48 h of DMSO induction. Since we were unable
to precisely quantitate the relative levels of B1 and B2 as the
cells induced, it is not known whether the levels decrease at
all or do so coordinately with the decrease in the intensity of
the IVS2 DNase I-hypersensitive site. Consequently, it is
still unknown whether the IVS2 DNase I-hypersensitive
structure is lost during transcription or precisely what roles
the two factors may play.

Although the regulatory role(s) that factors B1 and B2,
which bind to intragenic sites, may have in the control of
B-globin expression has not been determined, examples exist
of intragenic regulatory elements in the immunoglobulin
genes (3, 21) and the adenovirus E1A gene (35). The possible
roles for factors B1 and B2 include: (i) negative control of
B-globin expression in the uninduced MEL cell; (ii) a neces-
sary, but not sufficient, positive role involving establishment
of a permissive conformation on the B-globin gene in the
uninduced MEL cell; and (iii) a positive requirement for
B-globin expression upon the induction of the MEL cell. The
identification of binding sites B2, B1-A, and B1-B in the
DNase I-hypersensitive region of IVS2 provides a frame-
work for testing the significance of the binding interactions in
the control of B-globin gene expression.
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