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Transcription of the human fetal globin genes in erythroid cells is tightly regulated during different stages of
development and differentiation. Two naturally occurring mutatjons 202 base pairs upstream of the duplicated
gamma globin genes are associated with incorrectly regulated gamma globin gene expression; elevated levels of
fetal globin are synthesized during adult life. A C-to-G base substitution upstream of the Cy-globin gene is
highly correlated with a dramatic increase in gene expression. It increases the similarity of the region to the
consensus Sp1 recognition site. We determined that the mutated DNA had a 5- to 10-fold-higher affinity for Sp1
than did the normal gamma globin gene sequence. We also observed a reduction in normal factor-binding
activity. A different substitution at —202, C to T, upstream of the “y-globin gene was associated with a more
moderate increase in fetal globin expression. This mutation decreased the similarity of the sequence to an Spl
recognition site. We determined that it did not result in enhanced Sp1 binding but did alter normal factor
binding. We suggest that these changes in nuclear protein-binding properties detected in vitro are responsible
for the enhanced gamma globin gene expression found in —202 SyB* patients with hereditary persistence of

fetal hemoglobin.

The embryonic, fetal, and adult genes of the human
beta-like globin gene family are expressed in mature eryth-
rocytes in a precise developmental order. Production of
embryonic (epsilon) globin terminates near week 8 of gesta-
tion and is supplanted by the synthesis of fetal (gamma)
globin. Gamma globin remains the predominant beta-like
globin chain present until birth, when it is replaced by adult
(beta) globin synthesis. Although earlier investigations have
clearly established that these changes in globin gene expres-
sion are regulated at the level of transcription (4, 5, 9, 42),
the mechanisms responsible for these regulatory processes
remain undefined.

A number of studies have provided insights into the role of
cis-acting DNA elements in transcriptional control of the
fetal, gamma globin genes. For example, sequence compar-
isons have revealed the presence of short DNA segments
that are homologous to other known regulatory elements (2,
10). In vitro mutagenesis and in vivo expression studies have
shown that upstream sequences are sufficient to stimulate
transcription from a gamma globin or neutral promoter in
both tissue culture cells and transgenic mice (1, 26, 32, 40,
41). In addition, analyses of naturally occurring upstream
mutations in the gamma globin genes suggest a role for
multiple regions in the regulation of transcription (6-8,
14-16, 18-21, 30, 35, 37). Some of the most recent work has
focused on the trans-acting factors that interact with these
cis DNA elements. In vitro binding assays have shown that
a 300-base-pair (bp) DNA segment located 5’ to the human
gamma globin genes specifically interacts with factors
present in nuclear extracts of both erythroid and noneryth-
roid cell lines (22, 27, 28, 34). Mutations within some of these
protein-binding sites that disrupt binding activity have been
shown to correlate with altered promoter activity in eryth-
roid and nonerythroid cells (29, 31, 36). Finally, the gene
encoding one of these cis element binding proteins, GF-1,
has been isolated (38).

Several classes of naturally occurring gamma globin gene
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mutations are associated with elevated gamma and reduced
beta globin gene expression in adults. This is a clinical
condition known as hereditary persistence of fetal hemoglo-
bin (HPFH). Patients found with genetically defective beta
globin expression in concert with one of these gamma globin
gene mutations are relatively asymptomatic. One of the most
dramatic increases in promoter activity is strongly correlated
with a single C-to-G substitution 202 bp upstream of the cap
site. A 30- to 40-fold increase in Cvy-globin gene expression
during adult life is observed. In all known cases, this
mutation affects only the ©y-globin gene and not the normal,
cis-linked “y-globin gene. It is the only nonpolymorphic
change from the normal sequence over a 1,500-bp range (6,
8). Another base substitution (C to T) 202 bp upstream of the
Ay-globin gene is associated with a three- to sixfold increase
in gene activity (21). The mechanism by which these point
mutations may lead to the adult-stage overproduction of
gamma globin in adults is unknown.

We report our comparative study of the normal and
HPFH-associated upstream regions of the human gamma
globin genes. We demonstrate that a C-to-G mutation at
position —202 present in SyB* HPFH patients produces avid
binding by the general transcriptional activator Spl concom-
itant with reduced binding by another factor(s). We propose
that the molecular basis of this strong HPFH phenotype may
relate to both the emergence of stage-nonspecific Spl bind-
ing and reduction of binding by another potential regulatory
factor. We also show that a different base change 202 bp
upstream of the “y-globin gene, found in a group of HPFH
patients with a relatively moderate increase in fetal globin
levels, does not bind Spl but may alter the normal factor
interactions.

MATERIALS AND METHODS

Oligonucleotides. Double-stranded oligonucleotides were
synthesized to correspond to either the normal or mutated
sequences spanning the gamma globin gene —200 region and
the simian virus (SV40) Sp1 binding-site region. Each of the
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TABLE 1. Comparison of SV40 and gamma globin sequences to the consensus SP1 recognition and binding site

s a Relative Spl
DNA Recognition site binding activity
G G GC
SP1 consensus G GGC GG
T A AT
-81 -92
Sv-v a att ctg caG ATG GGC GGA GTaggga +++
y27MUT aat tcT CTT GGG GGC GCC TTC CCC ACA ++
-213 -191
y27WT aat tCT CTT GGG GGC CCC TTC CCC ACA +
¥27¢T aat tCT CTT GGG GGC TCC TTC CCC ACA +

¢ Top strand of double-stranded oligonucleotide is given. Orientations is 5’ (left) to 3’ (right). Globin and SV40 nucleotides are capitalized; restriction site linker
sequences are in lowercase. Numbers above gamma globin sequences designate nucleotide positions relative to the start site; numbers above SV40 sequences
designate nucleotide positions according to Tooze (39). Underlines define positions of identity with the optimal consensus Spl binding site; the dot identifies a
position of identity with a weak Sp1 binding site, HSV-TK(I) (24). Asterisks identify sites of —202 mutations.

synthetic DNA fragments has a restriction enzyme site at
both the 5’ and 3’ ends to facilitate manipulations (Table 1).

DNA probes. End-labeled oligonucleotide probes for the
mobility shift assays were generated by 5’ phosphorylating
the double-stranded synthetic DNAs with [y-32P]JATP and
T4 polynucleotide kinase. Unincorporated radioactive nu-
cleotides were removed by passage over a Sephadex G-25
column. The probes were then gel fractionated, and the
double-stranded oligonucleotides were excised and eluted by
standard techniques.

Cells. All cells were grown in RPMI 1640 supplemented
with 5% fetal calf serum. All culture densities were main-
tained at 2 X 10° to 5 x 10° cells per ml, or subconfluency.

Nuclear extracts. Nuclear protein extracts were prepared
from cultured cells by the nucleus separation method of
Dignam et al. (11). The nuclear extract was dialyzed against
BC-100 (20 mM Tris [pH 7.9], 15% glycerol, 100 mM KCl,
0.2 mM EDTA, 0.5 mM dithiothreitol, 0.5 mM phenylmeth-
ylsulfonyl fluoride) for 3.5 h. Final protein concentrations
were determined by the dye-binding method (Bio-Rad Lab-
oratories). Standard curves were generated by using known
amounts of bovine serum albumin, and several concentra-
tions of nuclear extract within the linear range of this curve
were assayed. Extracts were stored in BC-100 buffer in
liquid nitrogen. Typically, 6 mg of protein was obtained from
approximately 10° cells.

Protein fractionation. Crude nuclear extracts prepared
from K562 cells were fractionated on a 100-ml Superose 6
sizing column (Pharmacia, Inc.). Typically, 10 to 20 mg of
nuclear proteins was loaded and run at a rate of 1 ml/min.
Fractions were collected in 1.5-ml volumes. Protein concen-
trations were determined by the dye-binding method, and
binding activity was assayed by mobility shift.

Purified protein and antibody. The rabbit polyclonal anti-
Spl and preimmune antisera and the purified Spl protein
were the kind gifts of S. Jackson and R. Tjian.

Electrophoretic mobility shift assays. For analysis of crude
nuclear extracts, end-labeled DNA fragments (0.2 to 0.5 ng)
were incubated with nuclear extracts (8 to 15 pg) from K562
and HeLa cells as described by Singh et al. (33), with minor
modification. The reactions were carried out in binding
buffer A (10 mM Tris, 50 mM NaCl, 1 mM dithiothreitol, 1
mM EDTA, 5% glycerol) in the presence of 0.5 pg of
poly(dI-dC) - poly(dI-dC) and in a total volume of 25 pl.
Binding experiments with fractionated proteins (10 to 15 pl
of the specified fractions) included 0.2 mg of bovine serum
albumin per ml. Binding was allowed to proceed for 30 min
at 4°C. Sp1 mobility shifts were carried out by incubating the
end-labeled DNA fragments with purified Spl (approximate-

ly 1 ng) in binding buffer Z¢ (20 mM N-2-hydroxyethylpip-
erazine-N'-2-ethanesulfonic acid [HEPES], 100 mM KCl,
1 mM EDTA, 1 mM dithiothreitol) and without poly(dI-
dC) - poly(dI-dC). Spl binding was conducted at 4°C for 15
min. Dye was added to the reactions containing crude or
fractionated extracts or purified protein, and the samples
were electrophoresed through a 6 or 7% nondenaturing
acrylamide gel in 0.5 TBE buffer (45 mM Tris, 45 mM boric
acid, 0.5 mM EDTA [pH 8.3]) at 150 V for 1 to 2.5 h. Gels
were dried and autoradiographed.

Competition experiments included a 20- to 200-fold molar
excess of a specific unlabeled DNA, as described in the
figure legends. For each reaction, the buffer, poly(dI-
dC) - poly(dI-dC), unlabeled specific competitor, and la-
beled DNA were incubated for 5 min before addition of the
protein component.

The antibody shift experiment was conducted as described
for the mobility shift assays, with minor modification. All
components of the binding reaction except the labeled DNA
were incubated with 0.75 pl of rabbit polyclonal antiserum or
preimmune serum for 10 min on ice. The labeled DNA then
was added, and the reaction was incubated for an additional
20 min before the gel was loaded.

RESULTS

Identification of nuclear factors that interact with the
gamma globin gene upstream sequences. Our studies were
directed by a group of naturally occurring gamma globin
gene mutations that suggest a regulatory function for se-
quences 200 bp upstream of the transcriptional start site (6,
8, 14, 21, 37). This region is identical in the evolutionarily
duplicated ©y- and “vy-globin genes. A 27-bp oligonucleotide,
¥27%T, was prepared that represents 23 bp of gamma globin
sequence extending from nucleotides —213 to —191 (relative
to the cap site) (Table 1). To determine whether specific
binding sites for proteins are present within the —200 region,
we prepared nuclear extracts from an erythroid and a
nonerythroid source. K562 is a human erythroleukemia cell
line that can synthesize the embryonic (epsilon) and fetal
(gamma) globin chains; HeLa is a human epithelium-derived
cell line.

Incubation of the labeled gamma globin oligonucleotide
¥27%T with the nuclear proteins resulted in several bound
complexes when analyzed by mobility shift (Fig. 1, lanes 1,
3, and 5). A 20- to 200-fold excess of unlabeled y27%T
effectively competed for these DN A-bound factors, whereas
a 1,000- to 2,000-fold excess of nonspecific DNA competitor
did not (see Fig. 5B, lanes 1 to 4). Factors found in both
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FIG. 1. Specific complexes formed between the gamma globin
upstream region and nuclear proteins from erythroid and noneryth-
roid cells. The HPFH-related C-to-G mutation alters these com-
plexes. The mobility shift assays were performed as described in
Materials and Methods. YV (y27%7) and y™ (y27MYT) were labeled
and used in the binding reactions. PROT., Nuclear proteins added to
the reaction as indicated; K, K562 cell nuclear extracts; H, HeLa
cell nuclear extracts; Bl and B2, protein-bound labeled DNA; F,
protein-free labeled DNA.

K562 and HeLa nuclear protein sources specifically inter-
acted with y27%T to produce a major complex, B2, and a
minor complex, Bl. The remaining faster-mobility com-
plexes also appeared with both extracts; however, they
accumulated with prolonged storage and incubation times.
Although we cannot exclude the possibility that they con-
tained distinct factors, we suggest that these fast-mobility
complexes may have contained degradation products of
factors in B1 or B2. We have focused our attention on Bl
and B2.

The HPFH-related C-to-G mutation leads to an altered
protein-binding pattern. To examine the molecular basis of
the gamma globin mutant phenotype HPFH, we synthesized
an oligonucleotide containing the mutated gamma globin
sequence. y27MYT differs from y27™T at only one nucleotide
position, containing the same C-to-G substitution at position
—202 that is associated with a 30- to 40-fold increase in
adult-stage expression of the Svy (fetal) globin gene. Since
this mutation is strongly correlated with dramatically altered
gamma globin gene expression, we performed mobility shift
assays to determine whether the mutation causes a change in
any nuclear protein interaction.

End-labeled y27MYT was incubated with extracts from
human K562 and HeLa cells in the presence of unlabeled
nonspecific competitor DNA. Comparison of the mobility
shift pattern produced by y27%T with that produced by
¥27MUT demonstrated that the two oligonucleotides inter-
acted differently with the nuclear proteins. The single-base
change enhanced the intensity of complex Bl and in some
experiments modestly enhanced that of complex B2 (Fig. 1,
lanes 2, 4, and 6). This pattern, one major complex associ-
ated with 1}27“'"' (B2) and two major complexes associated
with y27MYT (B1 and B2), was also observed in extracts
from hemin-induced K562 cells and human bone marrow
(data not shown).

Comparison of the gamma globin and SV40 binding sites.
The upstream gamma globin sequence centered about —200
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relative to the cap site is similar to the sequence recognized
by the general transcription factor Spl. The C-to-G base
substitution at position —202, correlated with HPFH, in-
creased the similarity to the region of the Spl recognition
and binding site such that it matched the decanucleotide
consensus, optimal site in 7 of the 10 positions (Table 1).
Although one base within the core GC box differed from the
consensus, transcriptionally active Spl binding sites have
been previously characterized that deviate from the recog-
nition site within the core (24). Consequently, it has been
suggested that the —202 mutation might produce a novel Spl
binding site and stimulate transcription (4, 6). We designed
experiments to determine whether the binding pattern differ-
ences between the wild-type and mutated gamma globin
sequences were attributable to differential interaction with
Spl.

To study the gamma globin DNA-protein interactions in a
less complex protein environment, the K562 cell nuclear
extracts were size fractionated over a Superose 6 column.
We assayed the DNA-binding activities of the fractions with
both y27%T and the high-affinity Sp1 binding site V of SV40
(12, 17), SV-V. Figure 2 illustrates the relative binding
activities of each protein fraction to the globin and SV40
DNAs. Two distinct but overlapping peaks of activity were
produced. We believe that the fractions producing the y27%7
binding activity peak contained a factor that specifically
interacted with the normal globin sequence and that the
fractions producing the SV-V activity peak contained Spl.

Fractions 21 to 23 were pooled, and the interactions of the
three labeled binding sites, y27%T, y27MYT, and SV-V, were
compared. y27%T and y27MVT interacted with the fractions
to produce a band pattern similar to that in Fig. 1 (Fig. 3,
lanes 1 and 4). Incubation of the fractions with labeled SV-V
produced two specific complexes. They were similar in
mobility to B1 and B2; however, the intensity of complex B1
produced with the SV40 DNA (B1-SV-V) was greater than
that of the globin sequences (B1-y27%" and B1-y27MUT)
(Fig. 3, lane 7). Although the three binding sites exhibited
similar binding patterns, the complexes differed quantita-
tively. y27%T produced B2, whereas B1 was not detectable.
In contrast, SV-V primarily produced B1. y27MYT interacted
with the fractionated proteins to form a binding pattern
intermediate between that of the normal globin sequence and
the SV40 Spl binding site.

Sp1 binds the gamma globin upstream region in vitro. We
conducted an Spl antibody mobility shift experiment to
determine whether complex B1, predominantly observed
with SV-V and y27MY7T, contains Spl. y27%7, y27MYT, and
SV-V were incubated with the K562 fractions 21 to 23 as
previously described. To these DNA-protein reactions we
added either the anti-Spl antibody or the normal preimmune
serum, and the mixtures were fractionated on a nondenatur-
ing gel (Fig. 3). If B1 contained the Spl protein, then we
predicted that addition of the Spl reactive antibody would
either associate with the [>?P]DNA-labeled complex and
alter its mobility or disrupt complex formation. Consistent
with the latter, addition of antibody to labeled SV-V and
protein caused a reduction in complex B1-SV-V (lanes 7 to
9). A similar shift of complex Blv-al‘27MUT was observed
(lanes 4 to 6). In contrast, the ¥y27"" complexes were not
altered by addition of Spl antibody (lanes 1 to 3). We
conclude that B1, a protein complex efficiently formed with
the SV40- and HPFH-associated sequences but not the
normal DNA, contained Spl.

To demonstrate that the globin sequences interact with
purified Spl, we performed mobility shift binding studies
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FIG. 2. Fractionation of K562 cell nuclear proteins. The x axis represents the fractions eluted from the Superose 6 (Pharmacia) column.
The y axis indicates binding activity assayed by mobility shift and quantified by densitometric scans. For each binding site, the fraction with
the highest activity was designated 1.0, and relative activities from each fraction were calculated. The relative activities of the fractions for

one site are not calculated relative to activities for the other.

with a preparation of 60 to 90% pure Spl (3) (a gift of S.
Jackson and R. Tjian). Radiolabeled gamma globin upstream
sequences (y27%T and y27MYT) and a high-affinity SV40
binding site (SV-V) were each incubated with the purified
protein, and binding was analyzed on a nondenaturing gel.
Purified Spl formed a specific complex with the SV40 and
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FIG. 3. Specific interaction of the anti-Spl antibody with com-
plex Bl. The experiment is described in Materials and Methods.
Addition of either anti-Spl or preimmune serum to the binding
reaction led to an increase in the fast-mobility complexes described
earlier. The sera may have contained proteases that produced
DNA-binding degradation products of the B1 and B2 factors and
caused these complexes to appear. y27%T, y27MUT and SV-V are
labeled DN As. Each reaction contained 10 pl of pooled K562 cell
fractions 21 to 23 (Fig. 2). PI, Preimmune serum present (+) or
absent (—) from the reaction; Anti-Spl, anti-Spl antibody serum
present in (+) or absent from (—) the reaction.

the mutated gamma globin sequences (Fig. 4, lanes 4 and 6).
The normal globin sequence also formed a complex with Spl
but showed a dramatically reduced affinity relative to that of
the mutated DNA (Fig. 4, lanes 2 and 4). Densitometric
scanning of these data demonstrated that v27MYT bound 8-
to 9-fold more Spl than did y27%T, whereas SV-V bound 7-
to 10-fold more than did y27MYT. The relative binding
activities of the SV40 and globin sequences are summarized
in Table 1.

The globin and SV40 sequences share two binding activities.
A mobility shift titration experiment was conducted to
ascertain the relative binding affinities of the SV40 and
gamma globin sequences for Spl in erythroid extracts.

w
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FIG. 4. Binding of purified Spl protein to the gamma globin
upstream sequences. y27%T, y27MUT and SV-V were labeled and
incubated with (+) or without (—) 60 to 90% pure Spl protein.
Binding was assayed by mobility shift as described in Materials and
Methods.
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FIG. 5. Demonstration that the gamma globin and SV40 sequences share two different binding activities. (A) Titration of proteins bound
to labeled SV-V with unlabeled SV40 and gamma globin DNAs, analyzed by mobility shift. Lanes: 1, no unlabeled competitor; 2 to 4,
unlabeled SV-V added in 20-, 100-, and 200-fold excess over the probe; S to 7, unlabeled y27MVT added in 20-, 100-, and 200-fold excess over
the probe; 8 to 10, unlabeled y27%™ added in 20-, 100-, and 200-fold excess over the probe. (B) Titration of proteins bound to labeled y27%T
with unlabeled gamma globin and SV40 DNAs, analyzed by mobility shift. Lanes: 1, no unlabeled competitor; 2 to 4, unlabeled y27%T added
to the binding reaction in 20-, 100-, and 200-fold excess over the probe; S to 7, unlabeled y27MUT added in 20-, 100-, and 200-fold excess over
the probe; 8 to 10, SV-V added in 20-, 100-, and 200-fold excess over the probe. Each reaction contained 15 pl of pooled K562 cell fractions

21 to 23. COMP., Competitor DNA.

Labeled SV-V incubated with the K562 fractions 21 to 23
was titrated with 20-, 100-, and 200-fold excesses of unla-
beled SV-V, v27MYT and y27%T (Fig. SA). The competition
analysis demonstrated that y27YT successfully competed
for the SV-V-bound factors. Although less efficient than
SV-V, ¥27VUT competed approximately 5- to 10-fold more
efficiently than did y27%7 (Fig. SA). These estimated relative
titration efficiencies are consistent with the relative binding
affinities of these sites for purified Spl.

We were interested in determining the relative binding
affinities of the factor(s) in B2 for y27%T, v27MVUT, and SV-V.
In a similar mobility shift titration experiment, labeled
v27%T was incubated with K562 fractions 21 to 23 in the
presence of 20-, 100-, and 200-fold excesses of unlabeled
globin and SV40 binding-site DNAs (Fig. 5B). The factor in
complex B2 bound to y27%T was competed for by SV-V
10-fold less efficiently than by y27%T. y27MUT exhibited an
intermediate B2 factor titration efficiency.

As with the SV-V-bound factor, the y27%T-bound factors
were shared by all three sequences (y27%7T, y27MYT, and
SV-V) but differed in their relative binding affinities for these
sequences. The factor exhibiting the most efficient SV-V
binding, Spl, exhibited the least efficient ¥y27%7T binding.
Conversely, the factor exhibiting the most efficient y27%*
binding showed the least efficient SV-V binding.

An HPFH-correlated C-to-T mutation does not acquire Sp1
binding activity. Another naturally occurring mutation 202
bp upstream of the “y globin gene cap site is also found
associated with elevated gamma globin expression. In con-
trast to the 30- to 40-fold increase correlated with a C-to-G
transversion, a C-to-T transition is correlated with only a
three- to sixfold elevation in fetal globin levels (20). We have
shown that the C-to-G substitution enhances Spl binding
activity. Since the C-to-T substitution decreases its similar-
ity to an Spl site, we postulated that this HPFH-related
sequence should not exhibit enhanced Spl binding activity.

We synthesized an oligonucleotide representing the up-
stream region identical to y27%T but containing the C-to-T

change at position —202 (y27°7). Fractionated K562 proteins
were incubated with y27€T, y27MYT, and v27%7T and then
compared by a mobility shift analysis. Unlike results for the
C-to-G mutation, complex Bl was not enhanced by the
C-to-T base change and remained a minor band (Fig. 6, lanes
2 and 6). Complex B2 appeared relatively unaltered by the
mutation by direct binding analysis (Fig. 6, lanes 4 and 6).
However, we conducted a competitor titration analysis to
discern any differences in the relative binding efficiencies of
the normal and mutated globin sequences for the B2 fac-
tor(s). The binding of labeled vy27%7 to K562 fractions 24 to
28 was titrated with increasing amounts of unlabeled y27%7,

Y27MUT)’27WT Y27CT
PROT.[— [+[-T+|-[+
Bl—

B2— - =
- e
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FIG. 6. Demonstration that the HPFH-related C-to-T mutation
does not enhance complex Bl. y27%T, 427MUT and 427°T were
labeled DNAs in the binding reaction. PROT., Presence (+) or
absence (—) of K562 fractions 20 to 24 (Fig. 2).
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FIG. 7. Reduced normal factor-binding efficiencies of both
HPFH mutations. End-labeled y27%T was incubated with pooled
K562 fractions 24 to 28 (Fig. 2) and analyzed by competitor titration.
Lanes: 1, no unlabeled competitor; 2 to 4, unlabeled y27%T added in
20-, 100-, and 200-fold excess over the probe; 5 to 7, unlabeled
¥27MUT added in 20-, 100-, and 200-fold excess over the probe; 8 to
10, unlabeled y27€T added in 20-, 100-, and 200-fold excess over the
probe. COMP., Competitor DNA.

¥27MYT or 4277 (Fig. 7). The competition analysis demon-
strated that y27%T competed more efficiently for the B2
factor(s) than did either mutated sequence. We conclude that
only y27MUT exhibited enhanced Spl binding activity but
that both —202 mutations reduced the binding efficiencies of
the normally bound protein(s).

DISCUSSION

We have investigated the DNA region upstream of the
gamma globin gene transcription unit to which a group of
naturally occurring HPFH-associated mutations has been
localized. Our analyses have been focused on a C-to-G
transversion at position —202, correlated with one of the
highest increases in promoter activity. An oligonucleotide
containing the normal gamma globin upstream sequences
from positions —213 to —191 interacts with nuclear proteins
from both erythroid and nonerythroid cells to form a major
complex, B2, and minor complex, Bl. These interactions are
altered when the DNA sequence contains the HPFH-asso-
ciated C-to-G mutation. Relative to the normal DNA, the
mutated sequence exhibits an increased B1 complex. In vitro
binding experiments with crude and fractionated erythroid
proteins, an Spl-specific antibody, and purified Spl protein
have led us to conclude that Bl, enhanced by the HPFH
C-to-G mutation, contains the general transcriptional activa-
tor Spl. Moreover, a different base change at the same
position does not enhance the specific interaction of the
sequence with Spl.

Several hypotheses have been presented to explain the
adult-stage overproduction of gamma globin, which is asso-
ciated with a —202 mutation. First, the mutation may lead to
constitutive expression by disrupting the function of a neg-
ative regulatory element. Second, the —202 point mutation
may augment transcription by increasing the efficiency of a
positive regulatory element normally spanning the region.
Last, the mutated sequences may stimulate transcription by
creating a positive regulatory element that is absent from the
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wild-type sequence (8). The results we have presented
support each of these possibilities.

The normal gamma globin gene upstream sequences that
span the positions of the clustered point mutations associ-
ated with HPFH mutant phenotypes interact with unfrac-
tionated nuclear factors to produce a number of specifically
bound complexes (Fig. 1). Nuclear extracts derived from
erythroid and nonerythroid cells are able to produce com-
plexes B1 and B2. Although the ubiquity of the complexes
suggests that they contain a general trans-acting factor(s), it
is possible that a stage- or tissue-specific factor is bound in
both the induced and uninduced states. In addition to B1 and
B2, we observe faster-mobility complexes. We believe that
at least some of these complexes contain proteolyzed prod-
ucts of the factors in Bl or B2; alternatively, they may
contain other DNA-binding factors.

The HPFH-correlated C-to-G mutation at —202 results in
an increase in complex B1 (Fig. 1). Sequence comparisons
led us to investigate whether this mutation-altered complex
contains Spl. Using a polyclonal antibody produced against
Spl and fractionated nuclear proteins in a mobility shift
experiment, we establish that complex B1, enhanced by the
HPFH-related mutation, contains Spl. Analysis with puri-
fied protein allowed us to determine that the mutated up-
stream sequence binds purified Spl with an eight- to ninefold
higher affinity than does the normal sequence (Fig. 3 and 4).

These results provide evidence in support of the second
and third hypotheses proposed to explain the —202 consti-
tutive phenotype. The mutated sequence stimulates tran-
scription by augmenting or creating a positive regulatory
element, namely, an Spl binding site. Other groups have
previously demonstrated that a single Spl binding site is
sufficient for transcriptional activation (24, 25). Although we
detect low-level Spl binding by the normal sequence in
vitro, this interaction appears to be minor compared with
that produced by the normal binding factor, B2.

Since Spl binding sites were originally characterized in
SV40, we compared the DNA-protein interactions produced
by the gamma globin or SV40 DNA incubated with fraction-
ated K562 cell nuclear proteins. A competitor titration
experiment allowed us to distinguish two different binding
activities associated with the gamma globin and SV40 se-
quences. The factor(s) in complex B2 that binds to y27%T
also binds, with decreasing affinities, to y27MYT and SV-V.
Reciprocally, the factor in B1, Spl, maintains the highest
affinity for SV-V but also binds, with decreasing affinities, to
¥27MVUT and v27%T (Fig. 5).

The binding properties of y27MUT suggest that the com-
bined effect of the loss of binding by one factor, possibly a
repressor, and the enhanced binding by a transcriptional
activator, Spl, could produce the dramatic elevation in
Gy-globin expression associated with the C-to-G mutation.
The factor in complex B2-y27%T is competed for 2- to 10-fold
less efficiently by ¥y27MVUT than by the wild-type DNA (Fig.
5). One would anticipate that this would result in a reduction
in the intensity of complex B2-y27MYT relative to B2-y27%T.
The intensity of complex B2 is not diminished and may
appear modestly increased by the mutation (Fig. 1). These
data are most consistent with the intensity of B2-y27MYT
being a summation of the intensities of y27MYT bound to the
factors that complex with both the wild-type globin and
SV40 DNAs (Fig. 3, lanes 1, 4, and 7). Two different but
overlapping complexes would not only create a seeming
increase in the globin-bound factor(s) but would obscure any
loss in globin factor-binding activity by the mutated relative
to the normal globin sequence. Alternatively, the binding
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differences may not be detectable under the excess binding-
site conditions of Fig. 1, although they are measurable when
the DNA sites are in competition with one another (Fig. 5).

The natural occurrence of another mutation at position
—202 associated with elevated fetal globin expression in
adults suggested that this mutation may also alter normal
factor binding. However, since this C-to-T base change
decreases the similarity of the region to an Spl site, we
hypothesized that it would not resemble the binding pattern
of the C-to-G mutation. We compared the protein-binding
properties of the normal and mutated DNAs and demon-
strated that the C-to-T change does not enhance Spl binding
(Fig. 6). A competitor titration analysis demonstrates that
both mutations moderately diminish B2 factor-binding effi-
ciency (Fig. 7). We believe that the modest three- to sixfold
increase in “y-globin expression associated with this C-to-T
base substitution may be caused by an altered or reduced
interaction with the normally bound factor(s). The disruption
of a negative regulatory element would support one of the
proposed hypotheses to explain the HPFH phenotype.

Complex B2 may contain a repressor factor that is active
during nonfetal developmental stages. The core sequence of
the wild-type —200 region is TGGGGGCCCCT. Similar
sequences are present upstream of other globin genes,
including the human epsilon (embryonic) globin gene, and
their functions have yet to be determined. However, Emer-
son et al. (13) have recently identified an identical GC
element upstream of the chicken beta globin gene and
demonstrated that it is involved in activation and repression
of gene expression in their in vitro transcription studies. We
are currently developing similar in vitro systems to deter-
mine whether the altered interactions of the mutated se-
quences with Spl and the normally bound factor(s) are
responsible for the associated changes in gene expression
levels.

Finally, the cellular phenotype of the C-to-G —202 HPFH
mutation is consistent with the proposed molecular mecha-
nism by which this condition may occur. The entire popula-
tion of erythroid cells in —202 ©yB* HPFH patients contains
elevated levels of fetal hemoglobin. This pancellular distri-
bution of fetal cells is distinct from the distribution of
another class of HPFH conditions in which only a subpop-
ulation of erythroid cells have increased fetal hemoglobin
levels. Therefore, the mutation apperas to allow the general
factor Spl to influence transcription and lead to a general
effect on all erythroid cells. Although these data do not
determine whether the normal gamma globin region is in-
volved in a general or specific mechanism of gene control,
the protein-binding analyses of the two naturally occurring
mutations, with their associated phenotypes, strongly sug-
gest the importance of this region in gamma globin gene
regulation.
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