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The human aL-globin gene displays the unusual property of transcriptional promiscuity: that is, it functions
in the absence of an enhancer when transfected into nonerythroid cell lines. It is also unusual in that its
promoter region lies in a hypomethylated HpaII tiny fragment (HTF) island containing multiple copies of the
consensus sequence for the SPl-binding site. We have investigated whether there is a relationship between these
two observations. First, we investigated the mouse ac-globin gene since it does not lie in an HTF island. We have
demonstrated that it was not transcriptionally promiscuous. Second, we studied the transcriptional activity of
the human a-globin gene in the absence of the GC-rich region containing putative SPl-binding sites and found
a small (two- to threefold) but consistent positive effect of this region on transcriptional activity in both
nonerythroid and erythroid cell lines. However, this effect did not account for the promiscuous nature of the
human a-globin gene. We found that in a nonreplicating system, the human a-globin gene, like that of the
mouse, required a simian virus 40 enhancer in order to be transcriptionally active in nonerythroid and
erythroid cell lines. Since we only observed enhancer independence of the human a-globin gene in a
high-copy-number replicating system, we suggest that competition for trans-acting factors could explain these
results. Finally, our experiments with the erythroid cell line Putko suggest that there are no tissue-specific
enhancers within 1 kilobase 5' of the human a-globin cap site or within the gene itself.

The human a-globin gene is unusual since it is transcrip-
tionally active in nonerythroid cell lines in the absence of a
simian virus 40 (SV40) enhancer (21, 31, 38). Most tissue-
specific genes are not capable of transcriptional activity in
heterologous cell lines unless they are placed relatively close
to an SV40 enhancer, e.g., human 0-globin and 8-globin (21)
and rabbit ,B-globin (3). The DNA at the 5' end of the human
a-globin gene is also unusual in that it is highly GC rich and
forms an HpaII tiny fragment (HTF) island. HTF islands are
DNA sequences in which CpG is abundant and nonmethy-
lated, resulting in the presence of frequent HpaII restriction
sites (8). The human a-globin CpG cluster is nonmethylated
in germ cells and erythroid and nonerythroid tissues (6, 14).
Approximately 1% of the vertebrate genome is in the HTF
fraction, and each island varies in size from about 0.5 to 2.0
kilobases (kb) (5). They are frequently found associated with
the 5' ends of housekeeping genes, e.g., those for hypoxan-
thine phosphoribosyltransferase (HPRT), adenine phospho-
ribosyltransferase (APRT), dihydrofolate reductase (DHFR),
glucose-6-phosphate dehydrogenase (G6PD), and adenine
deaminase (ADA) (5). Indeed, hunting for HTF islands is
now used as a method of finding transcriptionally active
regions of the genome (13, 28). Highly tissue-specific genes
usually lack HTF islands, e.g., j-globin gene family (human,
mouse, rabbit, and goat), a-amylase I and II (mouse), growth
hormone (mouse), insulin (mouse), and myoglobin (seal).
The human a-globin gene is one of a small number of
exceptions (6). It seems possible that the transcriptionally
promiscuous nature of the human a-globin gene when intro-
duced into heterologous cell lines is associated with the
highly GC-rich nature of the promoter. In fact, the 5'-
flanking sequence of the human a-globin gene contains six
sequences which conform to the consensus SPl-binding site
5'-GGGCGG-3', known to play an important role in the
transcriptional activity of many housekeeping genes (11).
The mouse a-globin gene does not lie in an HTF island,
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and the promoter region contains no putative SPl-binding
sites. It therefore provides an interesting gene system with
which to compare the human a-globin gene. Since the
transcriptional activity of the mouse a-globin genes has not
been studied in heterologous cell lines, we decided to make
use of the mouse a-globin gene in an attempt to understand
the importance of CpG clusters on transcriptional activity in
both heterologous and homologous cell types. We found that
in a replicating transfection system, the mouse a-globin gene
promoter was more "enhanceable" than that of the human.
However, in a nonreplicating system, both the mouse and
the human promoter were equally enhancer dependent.
By deletion studies we showed that the 450-base-pair (bp)

GC-rich promoter region of the human a-globin gene, which
contains all the putative SPl-binding sites, did result in a
small (two- to threefold) increase in the transcriptional
activity of the promoter in both HeLa cells (nonerythroid)
and Putko cells (erythroid). Furthermore, in vitro binding
assays suggest that these GC-rich sequences bind SP1 in
both cell types. However, even with these 5' sequences
removed, the remaining a-promoter functioned without an
SV40 enhancer if the plasmid was replicating. In the absence
of replication, the human a-promoter, whether or not it
contained the highly GC-rich region, was enhancer depen-
dent just like the mouse a-promoter. It has already been
observed that the level of transcriptional activity of the
human a-globin promoter is increased manyfold by replica-
tion (38). However, our results suggest that this does not
reflect a true dependence on active replication, as is found in
the case of the adenovirus type 2 (Ad2) major late promoter
(MLP) (17) and the Ad2 protein IX promoter (30, 41) but is
rather a result of increased copy number in the cell. This
result, combined with the observation that in a nonreplicat-
ing system the human a-globin promoter does require an
SV40 enhancer, suggests that the lack of "enhanceability"
in the replicating system is the result of limiting amounts of
some trans-acting factor, possibly one which binds directly
or indirectly to the CCAAT box. Finally, our experiments
with the human erythroid cell line Putko suggest that there
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FIG. 1. (A) Line diagram showing some important features of the human al-globin gene and its flanking DNA. Hatched boxes represent
exons; solid boxes represent SP1 consensus sequences. Below (a and b) are maps of all of the plasmids made which contain human a-globin
sequences. (B) Line diagram showing some important features of the mouse ax-globin gene and its flanking sequences. Hatched boxes
represent exons. Below (a and b) are maps of all of the plasmids made which contain mouse a-globin sequences. For more details, see
Materials and Methods. poly A, Polyadenylation site; ENH, enhancer.

are no tissue-specific enhancers close to or within the human
a-globin gene [from -1500 bp to beyond the poly(A) addition
site].

MATERIALS AND METHODS
Constructs. The plasmids cxpSVod and apSVed are made

up of the 1.6-kb Pst fragment containing the human al-
globin gene (Fig. 1) inserted between the PvuI and PstI sites
of the expression vector pSVod (contains the pBR322 tetra-
cycline resistance gene and the SV40 replication origin) (42)
and the vector pSVed (identical to pSVod except that the
SV40 insert contains both the origin of replication and the
SV40 enhancer [35]), respectively.
The plasmids acApSVod and aApSVed are made up of the

al-globin gene from the Hinfl site at -120 bp (cap site is bp
1) to the PstI site at +900 bp cloned in pSVod and pSVed,
respectively (see above).
The plasmids acat and acatE contain the al-promoter

from the Hinfl site at -450 bp to the Hinfl site in the 5'
noncoding region cloned into svocat (16) at the BglII site in
the absence (acat) or presence (acatE) of the SV40 enhancer
cloned into the BamHI site 3' to the polyadenylation site.
The plasmids aAcat and aAcatE contain the Hinfl frag-

ment of the al-globin gene from -110 bp to +20 bp (cap site
is bp 1) cloned into the cat vectors described above.
The plasmids acatORI and aAcatORI are identical to acat

and aAcat, respectively, except that they contain the SV40
origin of replication cloned into the NdeI site of the cat
vectors.

The plasmids MapSVod and MapSVed are made up of the
2-kb fragment containing the mouse a-globin gene (32) from
the Hinfl site (at -1,000 bp) to the ScaI site (at + 1,000 bp)
cloned into the expression vectors pSVod and pSVed,
respectively, at the ScaI site.

Plasmids Macat and MacatE contain the Hinfl fragment
of the mouse al-globin gene from -140 bp to + 10 bp cloned
into SVOcat and SVOcatE, respectively (see above).
For R,SVpBR328, the rabbit ,-globin gene was inserted

into the plasmid SVpBR328 containing the SV40 origin and
enhancer sequences as well as the large T antigen gene (18).
The plasmid pIRV contains the ampicillin gene, the pBR

origin, and the 5' and 3' long terminal repeats (LTRs) from
Moloney murine leukemia virus. The neomycin resistance
gene (neo) and the 3-galactosidase gene (,-Gal) linked to the
rat ,-actin promoter were inserted between the LTRs. This
plasmid was constructed by J. Morgenstern and H. Land
(Imperial Cancer Research Fund, London).

Transient expression. Transfections into HeLa cells were
carried out as described previously (35). Plasmid DNA was
calcium phosphate precipitated and added to subconfluent
dishes of HeLa cells. After 16 h, the medium was changed
and the cells were allowed to grow for another 36 h.
Transfection into Putko cells was carried out by electropo-
ration (34, 43). Approximately 107 cells were harvested in
the exponential growth phase, washed with phosphate-
buffered saline (PBS), and suspended in 0.8 ml of electropo-
ration buffer (25 mM HEPES [N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid, pH 7.1], 140 mM NaCl, 0.75 mM
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Na2HPO4), and 25 mg of test DNA and 15 ,g of pIRV DNA
were added. The mixture was electroporated with a BioRad
Gene Pulser at 2,000 V and 25 ,uF, added to 50 ml of medium,
and incubated for 48 h at 37°C in 5% CO2).
RNA purification. The cells were harvested and the RNA

was purified as described previously (35). Essentially, cells
were lysed in Nonidet P-40 detergent buffer, and the cyto-
plasmic and nuclear fractions were separated by centrifuga-
tion through a sucrose cushion. Following incubation with
proteinase K, cytoplasmic RNA was purified by phenol-
chloroform extraction.and ethanol precipitation.
RNA mapping with Si nuclease. Probe DNAs (either

double or single stranded) were anneaied to cytoplasmic
RNAs (10 to 20 mg) in 30 ,u1 of 80% formamide-0.04 M
PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid), pH 6.4]-
0.4 M NaCl-0.1 mM EDTA by denaturing at 80°C for 10 min
and then hybridizing at 53°C (double-stranded probe) or 30°C
(single-stranded probe) overnight. Then, 300 ,ul of ice-cold
S1 buffer (0.25 M NaCl, 0.03 M sodium acetate [pH 4.6], 2
mM ZnSO4, 50 p.g of denatured sonicated carrier DNA per
ml, 3,000 U of S1 nuclease) was added and incubated for 1 h
at 30°C. S1 reaction mixes were ethanol precipitated and
fractionated on denaturing 7 M urea-polyacrylamide gels.

Primer extension. Labeled DNA primer and cold RNA
were annealed in 10 ,ul of 10 mM PIPES (pH 6.4)-0.4 M NaCl
at 80°C for 10 min and then hybridized at 63°C overnight.
Then, 50 p.1 of reverse transcriptase buffer (50 mM Tris [pH
8.2], 10 mM dithiothreitol [DTT], 6 mM MgCl2, 0.5 mM each
dATP, dCTP, dTTP, and dGTP, 5 U of reverse transcrip-
tase) was added to the hybridization mixes and incubated at
42°C for 1 h. The reaction mixes were ethanol precipitated,
RNase treated, and then fractionated by electrophoresis on 7
M urea-polyacrylamide gels.

Assay for CAT. To assay for chloramphenicol acetyltrans-
ferase (CAT), cells were harvested for assay 48 h after
transfection and washed in PBS. The pelleted cells were
sonicated in 100 ,u1 of 0.25 M Tris hydrochloride (pH 7.8) and
spun in an Eppendorf microfuge for 10 min, and the super-
natant was removed and assayed for enzyme activity with
[14C]chloramphenicol and unlabeled acetyl coenzyme A
(16).

Assay for j-galactosidase activity. The P-galactoside activ-
ity used to monitor transfection efficiency for each dish was
assayed according to Herbomel et al. (20). A 1-ml amount of
60 mM Na2HPO4-40 mM NaH2PO4-10 mM KCI-1 mM
MgCI2-50 mM P-mercaptoethanol-0.2 ml of o-nitrophenyl-
P-D-galactopyranoside was added to 50 RI of cell extract.
The reaction was carried out at 37°C for 1 h and stopped by
adding 0.5 ml of 1 M NaCO3. The OD420 was then measured.

Preparation of nuclear extract. Nuclear extracts from
HeLa cells were prepared as described previously by Dig-
nam et al. (10). The final protein concentration was 3 to 4 mg/
ml.

Electrophoretic mobility shift binding assay. DNA inserts
were isolated from agarose gels, and the ends were filled in
with [32P]dATPs by using the large fragment of DNA poly-
merase I. Then, 1 ng of 32P-labeled DNA, 1 Rg of poly(dI-
dC), and 1 p.1 of nuclear extract (-3 ,ug of protein) were
mixed together in a final volume of 25 ,ul of factor-binding
buffer (10 mM Tris[pH 7.4], 1 mM EDTA, 5% glycerol, 1
mM DTT). The final concentration of NaCl was varied from
50 to 120 mM. After incubation for 20 min at 300C, the
reaction mixes were loaded directly onto low-ionic-strength
(0.25x TBE) 4% polyacrylamide gels and run at 15 V/cm for
3 to 5 h. Gels were dried and subjected to autoradiography
overnight.

RESULTS

Expression of mouse a-globin gene in a heterologous cell
line. Since the mouse a-globin gene lacks the CpG cluster
found in the promoter of the human a-globin gene, we
decided to investigate the transcriptional activity of this gene
in a heterologous cell type (HeLa cells) and to determine its
requirement for an SV40 enhancer. Initially we constructed
two clones, MapSVod and MapSVed, which consist of a
2.5-kb fragment containing the entire mouse a-globin gene
with approximately 1 kb of 5'-flanking sequence cloned into
the expression vectors pSVod and pSVed, respectively (Fig.
1). The plasmid pSVed contains the SV40 enhancer and
origin of replication, while pSVod contains only the SV40
origin of replication (35). HeLa cells were transfected with
MapSVod and MapSVed along with the plasmid RPSV
pBR328 (see Materials and Methods), which acts both as a
source of large T antigen and as a cotransfection control.
The plasmid RPSVpBR328 contains the rabbit P-globin gene
and the SV40 large T antigen gene (see Materials and
Methods). The presence of large T antigen results in the
replication of any plasmid containing the SV40 origin (e.g.,
MapSVod and MapSVed). The cells were harvested 48 h
later, and the RNA was analyzed for levels of mouse
a-globin at both the 5' end (by primer extension) and the 3'
end (by Sl1nuclease analysis) (Fig. 2). The probes used are
shown in the lower half of Fig. 2. Mouse a-globin mRNA
started at the predicted cap site (Fig. 2A) and ended at the
predicted polyadenylation site (Fig. 2B). The level of a-
globin-specific mRNA after transfection with the SV40 en-
hancer-containing construct (MapSVed) was at least 50-fold
greater than that found after transfection with the construct
without the enhancer (MapSVod). The level of expression of
the rabbit ,B-globin gene was equal in both cases, showing
that the transfections were equally efficient. This level of
response to the SV40 enhancer was much greater than that
found by us (Fig. 3) and by others (38) for the human
a-globin gene. In the absence of replication, the level of
mouse a-globin mRNA was too low to be analyzed accu-
rately.

Effect of upstream GC-rich sequences on human a-globin
gene expression in a heterologous cell line. In an attempt to
discover whether the highly GC-rich nature of the human
a-globin promoter was associated with the high rates of
transcription in heterologous cells in the absence of an
enhancer, we constructed the plasmids aLApSVod and
aApSVed, in which the promoter region was reduced to a
130-bp fragment lacking most of the GC-rich sequence and
all of the putative SPl-binding sites. The transcriptional
activities of these constructs were compared with that of
apSVod and apSVed, in which the entire 600 bp of 5'-
flanking sequence was present (Fig. 1). These constructs
were transfected into HeLa cells in the presence of
RPSVpBR328 (see Materials and Methods) to allow replica-
tion of the SV40 ori-containing plasmids. Cytoplasmic RNA
was prepared 48 h later and analyzed for a-globin mRNA at
both the 5' end (by primer extension) and the 3' end (by S1
nuclease). The results are shown in Fig. 3. First, it is clear
that the a-globin gene worked well without any enhancer,
and if the level of mRNA produced from apSVod is com-
pared with that from apSVed, the presence of the SV40
enhancer increased transcription no more than three- to
fourfold. This agrees with the findings of others (38). Fur-
thermore, the level of a-globin mRNA was reduced approx-
imately threefold by the deletion of the 450-bp CpG-rich
region (compare apSVod with aApSVod and apSVed with
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FIG. 2. (A) 5'-End primer extension analysis of cytoplasmic mRNA from HeLa cells transfected with the mouse a-globin gene via either

MapSVod (-E) or MoapSVed (+E). Co, Minus-RNA control. (B) 3'-End SI nuclease analysis of cytoplasmic mRNA from HeLa cells
transfected with the mouse ax-globin gene. (C) 3'-End analysis of cytoplasmic mRNA from same transfection as in A and B but tested for the
level of rabbit ,-globin mRNA (cotransfection control). In the line diagrams below, S denotes signal, P denotes probe, and the asterisk
denotes the position of the label.

aApSVed). However, it is also clear that this deletion did not
convert the human a-globin promoter into an enhancer-
dependent promoter such as the mouse a-promoter (Fig. 2).

Transcriptional activity of the human and mouse a-globin
gene promoters in a nonreplicating system. In order to verify
that the decrease in the level of a-globin mRNA from the
deleted promoter was a true effect of the level of transcrip-
tion and was not related to a possible decrease in the copy
number of the plasmid, we decided to assay for transcrip-
tional activity in the absence of replication. To obtain signals
that were high enough to be detected, we decided to use the
CAT assay system developed by Gorman et al. (16). The cat
gene is placed under the control of the promoter in question
in either the presence or absence of the SV40 enhancer, and
the construct is transfected into cells in culture (see Materi-
als and Methods). After 48 h, the enzymatic activity is
measured in cell extracts by estimation of the conversion of
[14C]chloramphenicol into its acetylated form. This value is
taken as a measure of the transcriptional activity of the
promoter.

In the first series of experiments, we measured the relative
transcriptional activity of the deleted human a-globin pro-
moter in the absence (aAcat) and presence (aAcatE) of the
SV40 enhancer and compared this with the activity found for
the larger a-globin promoter fragment, again in the absence
(acat) and presence (acatE) of the enhancer. A similar
construct was made with the mouse a-globin promoter by
placing a 150-bp Hinfl fragment in front of the cat gene
(Macat). For details of these constructs, see Fig. 1. The

plasmid SV2cat, which contains both the SV40 early pro-
moter and enhancer, was used as the positive control (see
Materials and Methods). This promoter is known to function
efficiently in many cell lines (16). The vectors with and
without the enhancer (svocatE and svocat, respectively) but
lacking any promoter element were used as the negative
controls. Variations in cell density were controlled by assay-
ing the cell lysates for protein content, and variations in
transfection efficiency were controlled by cotransfection
with the 3-actin/,-galactosidase plasmid pIRV (see Materi-
als and Methods).

Figure 4A shows a representative example of the results
obtained. The experiments were repeated three times and
always gave the same pattern. Transcriptional activity was
not observed with any promoter fragment in the absence of
the SV40 enhancer. The activity was increased at least
20-fold by the SV40 enhancer. Furthermore, the level of
transcriptional activity with the large human a-promoter
fragment (acatE) was consistently two to three times that
found with the deleted promoter (aAcatE), as we have found
for the intact a-globin gene (Fig. 3). There are two points to
be made here. First, in the absence of replication, the human
a-globin promoter was enhanced greatly by the SV40 pro-
moter. In fact, it behaved in a similar way to the mouse
a-globin promoter (Macat and MacatE). Second, the 450-bp
GC-rich region appeared to have only a slight (two- to
threefold) positive effect on transcription.

It remained theoretically possible that the reason for the
high level of expression of the human a-globin gene after
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FIG. 3. (A) 5'-End primer extension analysis of cytoplasmic mRNA from HeLa cells transfected with the human a-globin gene via apSVod
(a.od), aApSVod (aA&.od), apSVed (ca.ed), and actpSVed (aA&.ed). C denotes minus-RNA control. (B) 3'-End S1 analysis of the cytoplasmic
RNA described above. (C) 3'-End S1 analysis of the cytoplasmic RNA described above, with rabbit p-globin probe (cotransfection control).
In the line diagrams below, S denotes signal, P denotes probe, and the asterisk denotes the position of the label. Hatched boxes represent
exons.

replication in the absence of an SV40 enhancer (as shown in
Fig. 3) was due to some sequence within the body of the gene
which could act as an enhancer in HeLa cells. The experi-
ments with the CAT system did not rule this out, since the
plasmids used did not contain the a-globin coding se-
quences. To address this question, we used the enhancer-
trap plasmid SVlcat (16). This plasmid contains the SV40
promoter without the SV40 enhancer, and transcription from
this promoter is very low. By inserting DNA sequences of
interest in front of this promoter, one can test whether they
can act as enhancers. Insertion of the entire body of the
a-globin gene from the initiation site (NcoI) to beyond the
polyadenylation site (PstI) in either orientation (SVlcatNP
and SVlcatPN) (see Materials and Methods) had no effect on
the transcriptional activity of SVlcat (data not shown),
suggesting the absence of any enhancerlike sequences.

Effect of replication on transcriptional activity of the human
a-globin promoter. Using the CAT system, we were keen to
discover whether acat and aAcat (plasmids lacking the SV40
enhancer) would become transcriptionally active in the
presence of replication. For this reason, we constructed the
plasmids acatORI and aAcatORI, which have an intact SV40
origin of replication but lack the SV40 enhancer (see Mate-

rials and Methods). When these constructs were cotrans-
fected with RfiSVpBR328, they both gave equally high levels
of expression (data not shown). The presence of the SV40
ori fragment in the negative control plasmid SVOcat
(SVOcatORI) (see Materials and Methods) did result in
higher background if cotransfected with the T antigen-
containing plasmid, but only 5% of that observed when the
a-globin promoter was present (Fig. 4B). We carried out a
time course trial in order to discover whether this increase in
CAT activity was simply the result of increased copy num-
ber or whether it was the result of an increased rate of
transcription off each plasmid due, for example, to some
conformational change in the DNA following replication.
The plasmids acatORI and svocatORI were transfected into
HeLa cells in the presence of RPiSVpBR328, and cell lysates
were made at 6, 12, 24, and 48 h after transfection. The
results are shown in Fig. 4B. It is clear that the major
increase in CAT activity did not occur until the 48-h time
point. Since plasmids transfected into HeLa cell nuclei
started to replicate well before this time, we would expect
the CAT activity increase to occur earlier if it was associated
with a conformation change in the DNA resulting from a
single round of replication. Instead, the increase in CAT
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activity appeared to be exponential, mimicking the pattern
found with the negative control svocatORI, which contains
no specific promoter element. From these experiments it
seems highly likely that the human a-globin promoter is not
replication dependent in the manner observed for the Ad2
MLP (17) and the Ad2 protein IX promoter (30, 41). This is
consistent with the fact that the human a-globin promoter
operated in the absence of replication provided that the
SV40 enhancer was present (Fig. 4).

Transcriptional activity of the human a-globin promoter in
an erythroid cell line. It was important to test the behavior of
the various human a-globin subclones in an erythroid cell
line in an attempt to find regions of DNA which may be
involved in tissue-specific regulation. Using the technique of
electroporation, we found that we could successfully trans-

fect Putko cells (a derivative of K562 cells known to produce
significant amounts of human a-globin mRNA) (24, 26) and
could obtain reproducible results with the CAT vectors
(aAcat, acat, and Macat). No activity was seen in the
absence of an SV40 enhancer. The results of one repre-
sentative experiment are shown in Fig. 5. The levels of CAT
activity in the presence of the enhancer were consistently
higher (two- to threefold) when the a-globin promoter in-
cluded the GC-rich upstream region. This result therefore
mimics those found in nonerythroid HeLa cells. It is inter-
esting that the ratio of SV2cat activity to acatE activity was
10-fold lower in Putko cells (-0.3) than in HeLa cells (-3.0),
but we do not know whether this reflects a greater level of
activity of the a-globin promoter in erythroid cells or a

decreased activity of the SV40 early promoter in these cells.
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(+) of the SV40 enhancer. C denotes [14C]chloramphenicol, and C-3-A denotes its acetylated product.

The fact that the Putko cell line produces endogenous human
a-globin (data not shown) but that the acat construct is not
transcriptionally active in the absence of an SV40 enhancer
suggests that the 600-bp fragment from PstI in the 5'-flanking
region to the NcoI site is not sufficient to confer the
tissue-specific regulation of this gene. Other globin genes,
when transfected into K562 or Putko cells, behave like their
endogenous counterparts, e.g., the P-globin gene or pro-
moter region is not transcriptionally active, while E-globin
and ;-globin are active (1, 24, 25, 37). Experiments carried
out in this laboratory on the (-globin promoter also show
tissue-specific expression in Putko cells (P. Lamb, personal
communication).

In an attempt to look for tissue-specific enhancers within
the body of the a-globin gene, we used the plasmids
SVlcatNP and SVlcatPN, containing DNA from the initia-
tion codon (NcoI site) to beyond the polyadenylation site
(PstI) in both orientations (as described in Materials and
Methods). No increase in activity was observed (data not
shown). We also constructed two more plasmids to test for
tissue-specific enhancers further 5' to the PstI site at -600
bp. These constructs, svlcatBS and svlcatSB, contained the
1-kb fragment from BglII at -1400 to SmaI at -670 in both
orientations (see Materials and Methods). Again, no increase
in the activity of the SV40 promoter was observed after
transfection into Putko cells (data not shown). These results
suggest that the entire region from 2 kb 5' of the cap site to
beyond the polyadenylation site does not contain any strong
tissue-specific enhancers.

In vitro analysis of sequence-specific DNA-binding proteins.
Bird (5) has put forward a model to explain the existence of
HTF islands. He suggests that the maintenance of hypo-
methylated HTF islands is achieved by bound factors (pro-
teins) which sterically exclude the methylase. These factors
presumably have an affinity for sequences containing CpG.
This fact, combined with the knowledge that the region of
the human a-globin promoter which contained sequences
which should bind SP1 has a positive effect on transcription,
meant that it was of interest to study the human a-promoter
region at the level of sequence-specific DNA-binding pro-
teins. An electrophoretic mobility shift assay (15) was used
to resolve specific protein-DNA interactions. In this assay,
32P-labeled DNA fragments were incubated with nuclear
extracts (10) from HeLa cells in the presence of various
amounts of unlabeled competitor DNA. After electrophore-

sis on low-ionic-strength polyacrylamide gels and autoradi-
ography, stable protein-DNA complexes that were formed
during the incubation were visualized as discrete bands with
reduced mobility compared with free DNA.
The results of these experiments are shown in Fig. 6.

When the 130-bp Hinfl fragment containing the CCAAT and
ATA boxes was incubated with HeLa cell nuclear extract, it
formed two complexes (A and B). The presence of these two
bands does not necessarily imply the binding of two different
factors; one band could be a degradation product of the
other. A preliminary salt curve showed that these complexes
were stable at salt concentrations from 50 to 125 mM and
that their presence was inhibited by excess cold Hinfl
fragment (data not shown).

In order to define precisely which region of this fragment
was involved in the binding, assays were repeated in the
presence of unlabeled oligonucleotides to putative regions of
importance. Oligonucleotide I is a 30-mer covering the
sequence from -36 to -66 (Fig. 6C). This sequence is highly
GC rich and contains the sequence GCCGCCCG, which is
very similar but not identical to the opposite strand of the
consensus SPl-binding site (G/T)GGGCGG(G/A) [(T/C)CC
GCCC(C/A)]. Furthermore, this sequence appears to be
unique to the human a-globin promoter among globin gene
promoters. It is not found in an equivalent position in the
mouse a-globin gene promoter or in the human P-globin gene
promoter. Oligonucleotide II is a 15-mer containing the
CCAAT box, which is known to be involved in the binding of
proteins which are important in transcriptional activity in
many eucaryotic promoters (22), and deletion studies of the
human a-globin gene promoter have shown it to be function-
ally important in HeLa cells (31). As shown in Fig. 6A,
oligonucleotide I did not compete with the specific binding,
while oligonucleotide II competed with both stable com-
plexes A and B at levels as low as 50 ng. This suggests that
the highly GC-rich sequence which lies between the CCAAT
and ATA boxes is not involved in factor binding. This result
is consistent with the observation (Fig. 4) that the small
mouse a-globin promoter plasmid (Macat), which does not
possess the GC-rich element, and the small human a-globin
promoter plasmid (aAcat) behaved in a similar manner.

It was also of interest to study the 300-bp upstream
fragment, which we have shown had a small but reproduc-
ible effect on transcriptional activity, and more specifically
to ask whether the SP1 protein binds to any or all of the
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FIG. 6. Gel retardation assay carried out on the 130-bp Hinfl fragment in the presence of cold competitor (oligonucleotide I or 1I). Bands
A and B are indicated. (B) Gel retardation assay carried out on the 300-bp Hinfl fragment in the presence of cold competitor oligonucleotide
III (5'-GGAACTGGGCGGAGTTAGG-3', see text). Bands C, D, and E are indicated. (C) Sequence of the promoter region of the human
al-globin gene. Cap denotes the start of transcription; the translational start site ATG is underlined. The sequences containing the core
SPl-binding sequences are boxed.

putative SPl-binding sites. The 300-bp Hinfl fragment (Fig.
6C) did form stable complexes with factors in the nuclear
extract (C, D, and E in Fig. 6B). These complexes were
stable at 50 to 125 mM NaCl and could be competed with by
excess cold Hinfl fragment (data not shown). Oligonucleo-
tide III was a 19-mer (5'-GGAACTGGGCGGAGTTAGG-3')

identical to the sequence in the SV40 21-bp repeat which has
been shown to bind SP1 in vitro with a high affinity (23). This
oligonucleotide competed with major band C even at levels
as low as 50 ng. This suggests that SP1 does bind to
sequences within the 300-bp fragment, presumably to one,
some, or all six of the regions containing the (G/T)GGGCGG
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(G/A) sequence (Fig. SC). Further analysis is needed to
define precisely which sequences are involved. It is also of
interest that bands D and E were not competed with by
oligonucleotide III, suggesting that other sequences within
the 300-bp region are forming specific stable complexes with
proteins. It would obviously be of interest to establish
whether these represent specific HTF island DNA-binding
proteins, as proposed by Bird (5).

DISCUSSION

These studies were principally instigated to investigate the
marked transcriptional promiscuity of the human a-globin
gene. First, we show that the mouse a-globin gene behaves
differently from the human a-globin gene. In the presence of
1 kb of 5'-flanking sequence, the presence of the SV40
enhancer increased the rate of transcription from the mouse
a-globin promoter 50-fold but increased the rate of transcrip-
tion from the human a-promoter only 3- to 4-fold. However,
this difference was only observed when the plasmids were
replicating in the cell. The possibility that the presence of a
hypomethylated HTF island at the 5' end of the human but
not the mouse a-globin gene accounted for this difference
was then investigated. Deletion studies revealed that al-
though the upstream GC-rich region (HTF island) of the
al-globin promoter did have a positive effect on transcrip-
tion from the a-globin promoter, this increase was small
(two- to threefold). In vitro binding studies revealed that this
region bound SP1 and other unknown DNA-binding proteins
from HeLa cell extracts, suggesting that these DNA-binding
proteins may be associated with the role of this region in
increasing the rate of transcription. However, it is also clear
that the GC-rich region was not responsible for the promis-
cuous nature of the human a-globin gene promoter in a
replicating system, since deletion of this region resulted in a
promoter which still functioned well in the absence of an
SV40 enhancer provided that we assayed for this in a
replicating system. By utilizing the CAT system, in which
increased sensitivity allowed us to use a nonreplicating
system, we found that the human a-promoter, both with and
without the upstream flanking sequences, was enhanceable
(ca. 20-fold) and was just as enhanceable as the mouse
a-promoter.

It therefore follows that the human a-globin promoter, like
that of the mouse, does require an SV40 enhancer to
function in heterologous cells unless the plasmid is replicat-
ing. The idea that replication per se may activate the
behavior of the human a-globin promoter is at first sight
attractive, since it is known that the time in differentiation at
which globin gene expression is switched on during erythro-
poiesis (the proerythroblast) is a time of rapid cell division
(29). DNA viruses display dramatically different patterns of
gene expression before and after replication, and recent
studies on the Ad2 MLP (17), the pIX promoter (30, 41), and
the Xenopus laevis 3-globin gene (12) suggest that active
replication is required for these promoters to be active.
However, the time course experiments presented here (Fig.
4B) suggest that the increase in transcription from the
a-promoter which is associated with replication is simply the
result of increased copy number. Furthermore, it is worth
remembering that transcriptional activity from the human
,-globin promoter is not increased by replication (38). If
replication did play an important role in the control of globin
gene expression during the development of the proerythro-
blast, one might expect that it would act on all globin genes
alike.

One possible explanation for the observed activation of
the human a-globin gene at high copy number is that
trans-acting factors regulating its transcription bind to the
human a-promoter only weakly in the absence of an en-
hancer. However, at high copy number, the cumulative
effect of these weak interactions is sufficient to allow signif-
icant levels of enhancer-independent transcription. It is
possible that the CCAAT box-binding factor detected in the
gel retardation experiments is responsible for this effect. It is
now well established that the CCAAT promoter sequence is
functionally involved in the transcription of many genes and
that proteins binding to it may therefore be present in excess
in the cell. Indeed, it is now clear that there is not just one
CCAAT box-binding protein but a family of them, each
binding to only a subset of the genes containing the CCAAT
box sequence (36). At present we can only speculate as to
which of these factors confers this unusual transcriptional
behavior on the human a-globin gene.
Could the behavior of the human a-promoter in nonery-

throid cells have any bearing on its behavior in vivo, where
it is regulated in a tissue-specific manner? To address this
issue, we have studied the behavior of human a-promoter-
containing constructs in an erythroid cell line (Putko) and
found that the transcriptional activity mimicked that in the
nonerythroid cell line (HeLa). Observable transcription re-
quired either an SV40 enhancer (Fig. 5) or replication (data
not shown), and the upstream GC-rich region increased
transcriptional activity two- to threefold (Fig. 5). Further-
more, no erythroid-specific enhancers could be found in or
around the gene. This suggests that any erythroid-specific
elements lie some distance from the gene itself. Erythroid-
specific expression of the human P-globin gene has been
shown both in mouse erythroleukemia (MEL) cells and in
transgeneic mice to involve sequences at both the 5' end
(between -180 and -150) and the 3' end (ca. 0.5 to 1.2 kb
beyond the polyadenylation site) (2, 4, 7, 27, 44). Compari-
son of the region between -180 and -150 of the human
P-globin gene with this region in other P-globin genes reveals
the presence of a conserved sequence at -160, 5'-(A/G)A
(C/) ... TC(T/C)TAAGCCAGTGCCA-3'.

This sequence is not found in the 5'-flanking sequence of
the human a-promoter, and this may explain the absence of
any tissue-specific enhancer in this region. However, recent
experiments have defined an additional very strong ery-
throid-specific enhancer which lies 50 kb 5' and 20 kb 3' to
the P-globin gene at the site of a cluster of erythroid-specific
DNase I-hypersensitive sites (19, 39). This region, originally
shown to enhance the expression of the cat gene in K562
cells (40), has recently been shown to act as a tissue-specific
enhancer in transgeneic mice (19). The presence of these
regions increases the transcriptional activity of the human
,-globin gene in transgeneic mice by at least 20-fold, and
their action is tissue specific. A similar study of the chroma-
tin of the a-locus revealed strong DNase I-hypersensitive
sites at -300 to -100 bp to the a-globin gene's cap site (45),
which was erythroid specific. However, this region of DNA
failed to enhance the expression of SVlcat in either HeLa
cells or Putko cells (see Results). The sequences responsible
for the tissue-specific expression of the a-globin genes
remain undetected and may lie a long distance from the
genes themselves. This would fit with the fact that a 14-kb
fragment containing both of the human a-globin genes is not
functionally active in the erythroid cells of transgeneic mice
(33). Experiments with MEL cells, in which induction with
dimethyl sulfoxide results in erythroid differentiation (in-
volving a 50- to 100-fold increase in the expression of the
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endogenous globin genes), have found that the expression of
exogenous P-globin genes mimics this induction (44). How-
ever, the only experiment in which human a-globin expres-
sion has been shown to be inducible in MEL cells is one in
which the entire chromosome 16 was present (9), whereas
when small 5-kb fragments containing the al-globin gene
were used, no inducibility was shown (7).
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