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ABSTRACT To date, DNA-binding factors with a devel-
opmental pattern of expression have not been described in
human erythroid cells to explain the switch from fetal (v-) to
adult (& and (3-) globin gene expression. Here we describe a
factor present in nuclear extracts from adult mouse and human
hematopoietic cells that binds to an oligopynimidine repeat
approximately 960 base pairs upstream from the human
6-globin gene. The binding site for the factor is within an
unusual 250-base-pair domain that is greater than 95% py-
rimidines on one strand. This domain is preferentially sensitive
to S1 nuclease in supercoiled plasmids, indicating that it can
adopt an alternative non-B-DNA conformation. A number of
Sl-sensitive sites within the domain, including the factor-
binding site, have sequence characteristics associated with the
formation ofa triple helix (H-DNA). The position ofthe binding
site between the fetal and adult (3-globin-like genes, its potential
for adopting an unusual secondary structure, and the restricted
activity of the binding factor to adult hematopoietic tissues
suggest possible roles in hematopoietic cell development and
hemoglobin switching.

The human -globin gene family is a model system to study
the regulation of eukaryotic gene expression (1-3). Little is
known, however, about the mechanisms by which these
genes are switched on and off during development. Under-
standing this switch could provide insights leading to unique
approaches to the treatment of certain inherited human
diseases involving hemoglobin, including sickle cell disease
and p thalassemia. Analysis of the switch from primitive
(embryonic) to definitive (adult) globin synthesis in the
chicken indicates that developmental regulation of globin
genes is mediated by sequence-specific DNA-binding pro-
teins (4-9). Among the DNA-binding proteins implicated in
chicken hemoglobin switching are two factors specific to
adult erythroid cells: BGP1, which binds to a poly(dG)
sequence in the 8-globin promoter (4, 5), and NF-E4, which
is believed to mediate the developmental switch by recog-
nizing polypurine sequences within the f-globin promoter
and enhancer (8, 9).
Two sequences identical to the chicken NF-E4 binding site

are present within the 70-kilobase (kb) human /3-globin gene
cluster, 5' and 3' of the 8-globin gene. Here, we describe a
nuclear factor in mouse and human hematopoietic cells that
binds to an oligopyrimidine repeat near one of the potential
NF-E4 recognition sequences, approximately 960 base pairs
(bp) 5' of the 8-globin gene. Its binding activity is present at
high levels in erythroid cells that express adult globin, but
only at low levels in cells that express embryonic or fetal
globin. Strong binding activity is also found in mouse and
human lymphocyte cell lines expressing B- or T-cell surface

antigen receptors. The factor is not detected in nonhe-
matopoietic cell lines.
The binding site for this factor is located within an unusual

250-bp domain that is greater than 95% pyrimidines on the coding
strand and is preferentially sensitive to S1 nuclease in supercoiled
plasmids. S1 nuclease-sensitive polypyrimidine-polypurine
[poly(PyrPur)] sequences can adopt a number of non-B-DNA
conformations, including a triple helix (H-DNA), which may play
an important role in gene regulation (10-20).

MATERIALS AND METHODS
Preparation of Nuclear Extracts. Nuclear extracts from

tissue culture cell lines were prepared as previously de-
scribed (21, 22). MEL and K562 cells were induced to
differentiate as described (21, 23). Embryonic blood cells
were obtained by bleeding 11-day mouse embryos and their
yolk sacs into cold phosphate-buffered saline. Nuclei from
mouse 14-day fetal liver and mouse adult liver were isolated
according to Gorski et al. (24). Nuclear extracts were pre-
pared from these samples as above (22).
DNA Binding Studies. DNase I footprinting and gel mobility

shift assays were performed as described (21), except that in
gel shift assays electrophoresis was on 4% polyacrylamide
gels. The footprinting probe was a 383-bp Sau3AI restriction
fragment from positions -1223 to -841 relative to the
6-globin cap site (see Fig. 1). This was subcloned in the
BamHI site of plasmid pGEM-3Z (Promega) to yield plasmid
pGEM-3Z-8. Double-stranded competitor oligonucleotides
were synthesized by Genosys (The Woodlands, TX).
S1 Nuclease Experiments. Supercoiled plasmids were di-

gested with S1 nuclease (Boehringer Mannheim) for 10 min at
37°C in low-salt buffer, as described (12), and analyzed on a
1% agarose gel. Mapping ofexact S1 cleavage sites within the
upstream 6-globin sequence was carried out by using a
modification of the method of Nickol and Felsenfeld (12).
Plasmid pGEM-3Z-8 was digested under gentle conditions
which resulted in nicked, rather than linear, plasmid DNA
(0.05 unit of S1 per ,g of DNA). Si-treated DNA was then
digested with either BamHI (which removes the Sau3AI
insert) or EcoRI (which cuts once within the insert, see Fig.
1) and 5'-end-labeled with T4 polynucleotide kinase (ref. 25,
pp. 10.60-10.61). BamHI end-labeled samples were then
secondarily digested with EcoRI, and EcoRI end-labeled
samples were digested with BamHI. This resulted in two
Si-treated preparations of a 355-bp EcoRI-BamHI upstream
8-globin fragment, one labeled at the 5' end of the noncoding
strand (EcoRI site), the other at the 5' end of the coding
strand (upstream Sau3AI site). These fragments were puri-
fied from 1% agarose gels by elution onto DEAE membranes
(ref. 25, pp. 6.24-6.27). Controls not treated with S1 nuclease
were similarly prepared. Samples were analyzed on 6%
polyacrylamide/8 M urea sequencing gels.
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FIG. 1. (A) Map of the human fetal and adult f3-globin-like genes
on chromosome 11. Horizontal arrows mark sites and orientation of
Alu family sequences. Potential NF-E4 binding sites are indicated by
vertical arrows. (B) Map of the region of the potential NF-E4 binding
site upstream from the 8-globin gene. The open box marks the
position of the 250-bp pyrimidine-rich domain. The location of the
CCTTCCTTCC binding site is indicated by the filled portion of the
box. Sau3AI (S) and EcoRI (E) sites and potential NF-E4- and
GATA-1-binding sites are shown. The scale at the top indicates
kilobase distances for map A; the scale at the bottom marks positions
relative to the 8-globin cap site for map B.

RESULTS
Computer Serh of the Human 1,BGoin Gene Custer. To

locate potential NF-E4 recognition sequences within the human
(-globin gene cluster, a computer search (26) was done, using
RAGAGGRGG (R = any purine) as the query sequence for
NF-E4 (8). Interestingly, identical matches to the NF-E4 binding
sequence werefound only in the vicinity ofthe 8-globin gene (Fig.
1). The NF-E4 sequences (AAGAGGAGG) are both on the

noncoding strand, one 940 bp upstream from the 6-globin tran-
scription initiation site, the other 450 bp downstream from the
8-globin polyadenylylation signal. The upstream NF-E4 se-
quence lies within anunusual 250-bp tractthatis greaterthan 95%
pyrimidines on the coding strand.
DNase I Footprinting. We carried out DNase I footprinting

of a Sau3AI fragment that contains the entire upstream
8-globin 250-bp pyrimidine-rich sequence and a GATA-1
binding site (Fig. 1) to characterize protein-DNA interactions
in this region. Nuclear extracts from mouse erythroleukemia
(MEL) cells, which express adult globin, human embryonic/
fetal erythroid (K562) cells, mouse T-lymphocytes (EL4),
and human nonhematopoietic (HeLa) cells were analyzed.
When DNA probe labeled at the 5' end of the coding
(pyrimidine-rich) strand is used, no footprint of the NF-E4
recognition sequence (-935 to -943) is seen (Fig. 2 Left and
Center). By contrast, a clear footprint is seen at the nearby
oligopyrimidine repeat CCTTCCTTCC (-958 to -967, re-
ferred to hereafter as the pyr sequence), but only with
extracts from EL4 and uninduced MEL cells (Fig. 2 Left and
Center, lanes 2 and 3, bracket B), and not with extracts from
K562, HeLa, or induced MEL cells. A DNase I footprint of
the opposite strand shows no protection of either the NF-E4
site or the GGAAGGAAGG sequence complementary to the
pyr sequence (Fig. 2 Right).
A strong footprint, associated with DNase I-hypersensitive

sites, is found on both strands at the GATA-1 recognition
sequence (-1188 to -1182, Fig. 2 Left and Right, bracket A)
with both uninduced (lanes 3 and 5) and induced (lanes 4 and
6) erythroid nuclear extracts. A weak footprint covering the
GATA-1 sequence is also seen with HeLa nuclear extracts.

Gel Mobility Shift Assays. The footprinting data suggest
that the activity of the pyr sequence-binding factor is re-
stricted in both a tissue-specific and developmental stage-
specific manner, since it is detected in nuclear extracts from
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FIG. 2. DNase I footprint analysis of the -1223 to -841 upstream &globin region. (Left) Sau3AI probe labeled at the 5' end of the coding
(pyrimidine-rich) strand. Lanes g-c, G, A+G, T+C, and C Maxam-Gilbert sequencing reactions, respectively. Lanes n, control reactions with
no nuclear extract. Lane 1, HeLa; lane 2, EL4; lane 3, uninduced MEL; lane 4, induced MEL; lane 5, uninduced K562; lane 6, induced K562.
Brackets A and B indicate sites protected from DNase I: A marks the GATA-1 footprint; B marks the footprint at the CCTTCCTTCC (pyr)
sequence. Arrows mark areas of weak protection with MEL and EM4 nuclear extracts centered on positions -1069 (filled arrow) and -1094
(open arrow). The scale on the left marks positions relative to the 8-globin cap site. (Center) Footprint identical to that in Left, but run further
showing better detail at sites far from the labeled 5' end. (Right) DNase I footprint of the Sau3AI probe labeled at the 5' end of the noncoding
(purine-rich) strand. Lane -, no nuclear extract; lane +, MEL nuclear extract. Bracket A marks the GATA-1 binding site protected with MEL
nuclear extract. Bracket GGAA marks the GGAAGGAAGG sequence complementary to the pyr sequence footprint.
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FIG. 3. Gel mobility shift assays using a Fok I-Nla III restriction
fragment probe (8-99) containing the CCTTCCTTCC binding site.
(Left) Labeled probe was incubated with nuclear extracts from MEL,
induced MEL (MEL +), EL4, 3T3, K562, induced K562 (K562 +),
CEM, and HeLa cell lines. The filled arrow marks a slow-migrating
protein-DNA complex with a pattern of tissue distribution similar to
the pyr sequence footprint in Fig. 2. (Right) Competition gel mobility
shift assays, MEL nuclear extract. Lane NC is a control reaction
with no competitor DNA. Approximately 100-fold molar excess of
unlabeled 8-99 probe or the following double-stranded competitor
oligonucleotides were added to the DNA-binding reaction: &46
(5'-TTCCATCCTCTCTCTTCCCCTCTTCCTTCCTTCCTTTCTC-
CA'TlC-3'), containing the upstream 8-globinpyr sequence; NF-E4
(5'-AATAGCTTCCTCCTCTTACTTGCCCCAG-3'), containing the
potential NF-E4 recognition sequence at the 3' end of the human
8-globin gene; and Spl (5'-TCGATGGGCGGAGTTAGGGGCGG-
GAC-3'), from the simian virus 40 early promoter (27). The open
arrow designates bands of higher mobility with which unlabeled 8-99
probe does not compete.

T lymphocytes (EL4) and adult erythroid (MEL) cells, but
not in nonhematopoietic (HeLa) or embryonic/fetal eryth-
roid (K562) nuclear extracts. To confirm this, nuclear ex-
tracts from these and other cell lines were analyzed by using
gel mobility shift assays. Initial experiments using a 46-bp
oligonucleotide probe (846) spanning positions -946 to -991
(which includes the pyr sequence but not the potential NF-E4
site; see Fig. 1) detected no binding activity with the pattern
of the pyr sequence footprint (data not shown). This sug-
gested that additional sequence was needed for the factor to
recognize the probe, or that the longer probe used for
footprinting could adopt a secondary structure needed for the
factor to bind which the shorter 8-46 probe could not. To test
these possibilities a 99-bp Fok I-Nla III restriction fragment
(8-99) spanning nucleotides -1001 to -903 was used, which
includes the pyr sequence and the potential NF-E4 site. With
this probe a dense, slowly migrating band is observed with
nuclear extracts from uninduced MEL and EL4 cells (Fig. 3
Left, filled arrow); only a faint band with the same mobility
is seen when uninduced K562 and induced MEL nuclear
extracts are used. The band is not detected when HeLa or
induced K562 nuclear extracts are used. The DNA-binding
activity represented by this band correlates well with the pyr
sequence-binding activity in DNase I footprints (Fig. 2 Cen-
ter). The decrease observed in pyr sequence-binding activity
in MEL cells that have been induced to differentiate (Figs. 2
Center and 3 Left) may indicate that the binding factor
disappears upon erythroid differentiation, but it could also be
a more direct result of treatment with dimethyl sulfoxide.
Nuclear extracts from human T-lymphocyte (CEM) and

mouse fibroblast (3T3) cell lines were also tested (Fig. 3 Left).
CEM extracts show binding activity comparable to that of
EL4 and uninduced MEL extracts, while 3T3 extracts dem-

FIG. 4. (Left) Gel mobility shift assays using nuclear extracts
from mouse hematopoietic tissues and 8-99 probe. pyr sequence-
binding activity (filled arrow) is present at much higher levels in
mouse fetal liver than in embryonic/yolk sac blood cells (see text).
The higher-mobility bands in all lanes (open arrow) represent non-
specific binding activity. (Right) Control gel mobility shift assays
using a human -globin promoter region probe (21) which binds the
ubiquitous octamer-binding protein OTF-1 (unbound probe not
shown). The 11- (embryo) and 14-day (fetal liver) mouse extracts
demonstrate comparable OTF-1 binding activities.

onstrate no binding activity. Extracts from human B lym-
phocytes (Daudi) show binding activity similar to that of the
T-cell lines (data not shown). These data indicate that strong
pyr sequence-binding activity is restricted to hematopoietic
cells in both mice and humans.

Competition gel shift experiments were done to determine
the sequence specificity of the pyr sequence-binding factor.
As seen in Fig. 3 Right, unlabeled 8-99 inhibits formation of
the slow-migrating complex (filled arrow) but not the higher-
mobility bands (open arrow), indicating that only the slow-
migrating complex represents sequence-specific binding. The
shorter 846 oligonucleotide also inhibits formation of the
slow-migrating complex, but much less effectively than 8-99.
Oligonucleotides containing NF-E4 or Spl recognition se-
quences do not compete. These results suggest that the pyr
sequence-binding factor specifically recognizes the immedi-
ate region of the pyr sequence repeat, but the presence of the
extra flanking sequence in the 8-99 probe significantly en-
hances binding. The NF-E4 sequence alone is not recognized
by the factor.

pyr Sequence-Binding Activity in Mouse Hematopoietic Tis-
sues. To determine if the high level of pyr sequence-binding
activity in MEL cells compared with K562 cells represents a
developmental stage difference in vivo, nuclear extracts from
mouse hematopoietic tissues at different stages of develop-
ment were analyzed by gel shift assays (Fig. 4). Strong
binding activity is seen in extract from 14-day mouse fetal
liver, which expresses only adult globin (Fig. 4 Left). By
contrast, only faint binding activity is seen in extract from
11-day embryo and yolk sac blood cells, which express only
embryonic globin. Binding activity is very weak in adult liver,
and may be due to contaminating lymphocytes. These data
indicate that strong pyr sequence-binding activity in vivo is
present in adult hematopoietic tissue but not in embryonic
hematopoietic or adult nonhematopoietic cells.

Si Nulease Sensitivity of the 5' -Globin Pyimdine-Rich

Domain. DNA sequences with predominantly pyrimidines on
one strand and purines on the other [poly(Pyr-Pur) se-
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FIG. 5. S1 nuclease sensitivity of supercoiled plasmid DNA with
and without upstream 6-globin Sau3AI insert. Lane M, marker
HindflI-digested A phage DNA; lanes 1-3, pGEM-3Z treated with 0,
0.05, and 0.5 unit of S1 per gg of DNA, respectively; lanes 4-6,
pGEM-3Z-8 treated with 0, 0.05, and 0.5 unit of S1 per ,Ag of DNA.
Nicked circular (N), linear (L), and supercoiled (S) plasmid DNA
conformations are indicated.

quences] are capable of forming a number of unusual struc-
tures sensitive to the single strand-specific nuclease S1, both
in chromatin and in supercoiled plasmids (10-20). To deter-
mine if the upstream 8-globin pyrimidine-rich domain is
preferentially sensitive to S1 nuclease, we compared the
relative S1 sensitivity of plasmids pGEM-3Z-6, and pGEM-
3Z. Fig. 5 shows that pGEM-3Z-8 is noticeably more sensi-
tive to S1 digestion, demonstrated by a more rapid accumu-
lation of linear DNA (L), and a more rapid disappearance of
the supercoiled form (S) with increasing amounts of S1.
To map the specific sites of S1 cleavage within the 5'

8-globin insert, Si-treated pGEM-3Z-8 was radioactively
labeled and analyzed on sequencing gels. Comparing DNA
treated with S1 nuclease (Fig. 6 Upper, lanes 1 and 5) with
untreated DNA (Fig. 6 Upper, lanes 2 and 6), S1 nuclease-
hypersensitive regions are seen on both strands, beginning
approximately 100 bp from either 5' end ofthe 8-globin insert
(lanes 1 and 5, bracket HS). When the gel is run further, a

number of discrete hypersensitive sites can be mapped (data
not shown). Most of the hypersensitive sites map to mirror
repeats (e.g., CTCTTCCCT-A-TCCCTTCTC; the center of
the sequence is an axis of mirror symmetry) or poly(dT-dA)
sequences (Fig. 6 Lower). The center of the 250-bp pyrimi-
dine-rich domain is most sensitive to S1 nuclease, but S1
sensitivity also maps to the pyr sequence, which is within the
mirror repeat TTCCTTC-CTTCCTT.

DISCUSSION
We have shown that a nuclear factor in mouse and human
hematopoietic cells, which we refer to as pyr factor, binds to
an oligopyrimidine mirror repeat (pyr sequence) upstream
from the human 8-globin gene. The factor/DNA complex on
gel mobility shift assays appears as a dense slowly migrating
band, suggesting that this factor may be unusually large or
composed of multiple subunits. DNA-binding studies using
extracts from erythroid cell lines and mouse tissue indicate
that pyr factor binding activity is restricted to hematopoietic
tissues at late stages in development.
The pyr sequence is within a highly unusual 250-bp pyri-

midine-rich domain located between the fetal (y-) and adult
(6- and j-) globin genes. Poly(Pyr Pur) sequences are capable
of forming unusual structures in chromatin and supercoiled
plasmids that are preferentially sensitive to the single strand-
specific nuclease, S1 (10-20). These structures are thought to
play an important role in eukaryotic gene regulation (16). We
demonstrate that the 250-bp upstream 8-globin domain is
sensitive to S1 nuclease in supercoiled plasmids, and we map
a number of discrete hypersensitive sites within this region to
mirror repeats (including the pyr sequence) and poly(dT-dA)
sequences. Interestingly, poly(PyrPur) mirror repeats are
known to form an intramolecular triple helix (H-DNA) under
the appropriate conditions (15-20).

FIG. 6. Mapping of S1 nu- Top Strand Bottom Strand
clease-sensitive sites within the s 1 + +
upstream 6-globin pyrimidine-rich c a m 1 2 3 4 g t m 5 6 7 8
domain. (Upper) Reactions on left
show DNA 5'-end-labeled on the 309 5
coding (top) strand; reactions on - p
right shown DNA 5'-end-labeled 242/238 -F
on the noncoding (bottom) strand. -. {

Gilbert sequencing reactions; HS

lanes m, pBR322/Msp I marker 147 -
DNA (size of marker bands are Yw {
shown on left in bp). Lanes 1 and 123
5, S1 nuclease-treated DNA; lanes 110
2 and 6, controls not treated with
S1 nuclease. S1 nuclease-hyper-
sensitive regions in lanes 1 and 5
are designated by bracket HS. 76 *
Some bands of identical mobility
in lanes 1 and 5 (e.g., position 149) 87
represent DNA labeled at S1 '-..t
cleavage sites and are indicated by
the control reaction in lanes 3 and
7. In this reaction, DNA samples
were end-labeled after treatment
with S1 but prior to the BamHI/ 34 ..-
EcoRI restriction digestions. _
Lanes 4 and 8 are similarly labeled 26
controls digested with BamHI
alone (lane 4) or EcoRI alone (lane 8), which determine the DNA strand labeled at a particular S1-sensitive site: identical bands in lanes 3
and 4 represent S1 cleavage sites labeled on the noncoding strand, while identical bands in lanes 7 and 8 represent S1 cleavage sites labeled
on the coding strand. (Lower) Summary of DNase I footprinting and S1 nuclease mapping experiments. The coding (pyrimidine-rich) strand
is shown. Nucleotide positions are numbered relative to the 6-globin cap site. Brackets indicate GATA-1 and pyr sequence footprints seen
in Fig. 2. Arrows or brackets above the DNA sequence represent S1 cleavage or DNase I protection, respectively, on the coding strand;
symbols below the sequence refer to the noncoding strand. The degree of S1 sensitivity, as determined by densitometric scanning, is indicated
by arrow length.
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S1 nuclease-sensitive poly(PyrPur) sequences within pro-
moter elements ofa number ofgenes have been shown to bind
nuclear proteins, and are thought to function in transcrip-
tional regulation (28-32). The binding sites for the develop-
mental stage-specific erythroid DNA-binding proteins of the
chicken, NF-E4 and BGP1, are also S1 nuclease-sensitive
poly(PyrPur) sequences (4, 5, 8, 12, 13). Such DNA se-
quences exist in equilibrium between different conforma-
tions, depending on environmental conditions (17, 20, 28, 33,
34). An important function of factor binding could be to
stabilize a particular B- or non-B-DNA structure (17). In the
case of hemoglobin switching, the interaction of pyr factor
with its upstream 6-globin binding site could possibly induce
conformational changes within the P-globin gene cluster late
in erythroid development. DNase I footprints at this site
show protection of only the polypyrimidine strand (Fig. 2),
which would be consistent with factor bound to either the
three-stranded segment or the nonpaired pyrimidine loop of
the H-DNA conformation (18). The dependence of factor
binding in gel shift assays on the length ofthe DNA probe also
suggests that pyr factor recognizes DNA with an unusual
secondary structure; others have shown similar length de-
pendence in the cleavage of linear poly(PyrPur) sequences
by S1 nuclease (35, 36).

Interestingly, a sequence highly homologous to the pyr
sequence is present 2.8 kb upstream from the mouse (-minor
globin gene, within a 181-bp homopyrimidine tract (37). A
41-bp oligonucleotide containing this sequence competes
with pyr sequence-binding activity on gel shift assays (data
not shown). This evolutionary conservation suggests a func-
tion in globin gene regulation. In addition, studies of natural
mutations in humans have suggested that the region between
the fetal and adult f3-globin-like genes containing the pyr
sequence may have regulatory importance, particularly in the
repression of t-globin synthesis in adults (1, 2, 38, 39).
Experiments using transgenic mice, however, have so far
yielded conflicting evidence on the importance of this region
in the down-regulation of fetal globin genes (40-42).

It has been proposed that families of short repetitive DNA
sequences might provide the structural basis for the coordi-
nate induction of genes in the process of development (43).
Interestingly, the CCTTCCTTCC sequence occurs at two
additional sites within the 70-kb human 3-globin gene cluster,
in the first introns ofthe Gr and A'globin genes. Ifpyr factor
recognizes these sequences, binding at these sites could
block transcription of y-globin mRNA. Premature termina-
tion of transcription at a specific sequence is a well-
characterized mechanism for the down-regulation of some
genes (44). In a number of instances, this transcription arrest
is thought to be mediated through the formation of unusual
secondary structures, involving either the template DNA or
the transcribed RNA (45). The transcription elongation block
in these cases may be modulated by DNA- or RNA-binding
proteins (45).
The restriction of pyr factor activity to hematopoietic

tissues at late stages in development, the location of its
DNA-binding site between the fetal and adult globin genes
and the ability of the binding site to adopt a non-B-DNA
conformation suggest that the factor may function in hema-
topoietic cell development and, in erythroid cells, hemoglo-
bin switching. The characterization of pyr factor and its
interactions with the upstream 6-globin and potential -globin
binding sequences should help clarify its possible function in
globin gene regulation.
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