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We have shown that the promoter of the human ,B-globin
gene contains three regions in addition to the known
CAC, CAAT and TATA box regions that are important
for the induction of transcription in erythroid cells. By
using DNaseI footprinting and gel mobility shift assays
we were able to show that two of these regions bind the
erythroid specific nuclear factor NF-E1 (and ubiquitous
factors). The third region binds a ubiquitous CAAT-box
factor (CP1). Deletion experiments suggest that only the
combination of NF-E1 and CP1 binding sites, but not
each of the sites alone, are capable of mediating the
induction of transcription of a minimal (CAC, CAAT,
TATA box) (3-globin promoter in mouse erythro-
leukaemia (MEL) cells.
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Introduction
The human /3-globin gene is part of a multigene family that
is expressed in a developmental stage and tissue-specific
manner (for review, see Collins and Weissman, 1984). The
,B-globin gene is normally expressed in the adult bone
marrow by a process which can be mimicked in transgenic
mice or cultured mouse erythroleukaemia (MEL) cells. MEL
cells have been widely used in the study of 3-globin
expression because they can be terminally differentiated to
erythroid cells (Friend et al., 1971; Rueben et al., 1976).
Gene activation is regulated by the action of trans-acting
protein factors (Baron and Maniatis, 1986; Wrighton and
Grosveld, 1988) on a number of different regulatory regions
located throughout the gene cluster. The entire locus is
regulated by a region at the 5' end of the gene cluster
(Grosveld et al., 1987), which is characterized by a set of
DNaseI hypersensitive sites (Tuan et al., 1985; Forrester
et al., 1987; Grosveld et al., 1987). The f3-globin gene and
its immediate flanking regions contain two enhancers and
a promoter element. The enhancers have not been
characterized in detail, but they have been shown to be active
in transgenic mice (Behringer et al., 1987; Kollias et al.,
1987; Trudel et al., 1987) and MEL cells (Antoniou et al.,
1988). The promoter region, however, and especially the
(minimal) ,B-globin promoter region (up to -100) has been
characterized in great detail in non-erythroid cells (Myers
et al., 1986; Dierks et al., 1983; Grosveld et al., 1982).
This region contains the (-30) TATA box, (-70) CAAT
box and (-90) CAC box motifs which are necessary for
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efficient transcription. The data on the role of the promoter
in erythroid specific expression are more limited. It has been
suggested that only part of the minimum promoter might
be important, since a deletion at -48 in the promoter still
gave erythroid specific expression in transgenic mice
(Townes et al., 1985). However, transfection experiments
indicate that the promoter does contain erythroid and
developmentally specific regulatory elements (Wright et al.,
1984; Antoniou et al., 1988; Anagnou et al., 1986). One
of the elements in particular appears to be localized outside
the minimal promoter region (at -150) and is required for
the induction of transcription in differentiating MEL cells
(Antoniou et al., 1988). A similar situation is found for the
chicken ,3-globin gene. The function of regulatory sequences
in the enhancer in the 3' flanking region, but not the promoter
has been demonstrated (Hesse et al., 1986; Choi and Engel,
1986). Nevertheless, a number of specific protein factors
binding to the chicken 0-globin promoter region have been
characterized (Emerson et al., 1987; Plumb et al., 1986).
For the human ,B-globin promoter only the CAC-box protein
factors have been identified (Mantovani et al., 1988). In this
paper we describe a characterization of the protein factors
present in erythroid cells that bind to the promoter of the
0-globin gene. Together with the results from transfection
experiments with modified (-globin promoter constructs, we
suggest that a combination of at least two of these factors
is required for transcriptional stimulation of the minimal
promoter upon erythroid differentiation of MEL cells.

Results
Analysis of the ,B-globin promoter region by DNasel
footprinting
A region of 260 bp upstream of the ,B-globin transcription
initiation site was analysed for the binding of nuclear factors
by DNaseI footprinting assays. This region has been shown
to be sufficient for the induction of transcription in
differentiating MEL cells (Antoniou et al., 1988). Moreover,
it is (at least in part) responsible for the lack of transcription
of the f3-globin genes in erythroid K562 cells that express
the embryonic and foetal globin genes (Kioussis et al., 1985;
Antoniou et al., 1987). The promoter area was subdivided
into two fragments: a 210 bp fragment (from -187 to +20)
and a 140 bp fragment (from -265 to -120), each of which
was specifically labelled at each end to examine each strand
in a DNaseI footprinting analysis (Figure 1). The area
between nucleotides +1 and - 187 showed five regions
which show an increased hypersensitivity and/or protection
to DNaseI digestion (Figure IA and B). Another two
footprints were observed when the region between -180
and -260 was analysed (Figure IC and D). Each footprint
was observed on both strands and they are summarized in
Figure 2. Starting from the transcription initiation site, three
footprinted regions were expected in the minimal promoter:
the -30 TATA box region, the -70 CAAT box region and
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Fig. 1. Footprinting analysis of the /3-globin promoter. Upper left panel: Analysis of the coding strand from -187 to +20 after binding to 50 ,tg of
different nuclear extracts (see Materials and methods); MEL cells (uninduced), MFL (mouse foetal liver 16 days of gestation), K562 cells and HeLa
cells. The lanes C are two different concentrations of DNaseI digestion without extract. GA tract is a Maxam and Gilbert (1980) depurination of the
same fragment. Boxes indicate the different footprints. Upper right panel: Analysis of the non-coding strand from - 187 to +20. Symbols are

identical, except MAL; mouse adult liver extract. Lower left panel: Analysis of the coding strand from -265 to - 120 with 1, 10 or 100 ,tg of
nuclear extracts, MEL, K562, HeLa. The 5' border ot' the -205 specific footprint is not clear and therefore indicated by dotted lines. Lower right
panel: Same analysis of the non-coding strand from -265 to -120.
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The human ,B-globin promoter

-240 N F-E1 -E1

TTTTTAGTAGCAATTTGTACTGA GGTATG|GGCCCAA AGATA~TATCTTAGAGGGAGGGC
AAAAATCATCGTTAAACATGACTACCATA CICCGGTT TCTATATACAATCTCCCTCCCG

0 00 0 AAA

-180 CAAT

TGACGGTTTGAAGTCCAACTCCL - ALLLAG-EGCCAGAAGAGCCAAGGACAGGTACGGCTG
ACTCCCAAACTTCAGGTTGAGGA TTCGGTCAC GGTCTTCTCGGTTCCTGTCCATGCCGAC

0 v z 7 z 0 z 1
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VNF-E1 CAC CAC CAAT
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T|ATCAC|TTAGACTCACCCTGTGGAG|CACACCCTAGGGTTGGCCIAATCG CTCCCAGG
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-60 TATA +1

AGCAGGGACGGCAGGAGCCAGGGCTGGGCATAAAAGTACAGGCAGAGCCATCTATTGCTT
TCGTCCCTCCCGTCCTCGGTCCCGACCCG|TATTTT|CAGTCCCGTCTCGGTAGATAACGAA

Fig. 2. A summary of the DNaseI footprints and methylation interference data of the human 3-globin gene. The boxes indicate consensus sequence
boxes (TATA, CAAT, CAC, NF-El and NFl). Bars indicate the oligonucleotides used in competition and gel mobility shift assays. Brackets
indicate the extent of the DNaseI footprints. Closed circles indicate hypersensitive sites, open circles indicate NF-E1 specific hypersensitive sites at
low concentrations of extract (Figure ID). Filled and open arrows indicate strong and weak methylation interference sites of the CAC-box or NF-El
proteins. Filled and open stars indicate strong and weak methylation interference sites of the a2 protein.

the -90 CAC box region. All of these are present in MEL
cells, K562 cells and HeLa cells and do not show any
dramatic differences, although there are some small
differences at the CAAT box. Interestingly, only the
proximal CAC box (-85 to -98), but not the distal CAC
box (-100 to - 108) shows a clear footprint. The proximal
CAC box is immediately adjacent to the footprint at the
CAAT box (-72 to -78) and binds several protein factors
in vitro (see below). Three footprinted areas are visible
outside the minimal promoter area at - 120, 150 and 200 bp
from the site of transcription initiation. The first footprint
extends from -110 to - 125 and appears to be the same
in MEL cells, K562 cells and HeLa cells. The second
footprint extends from -139 to - 155 and this also appears
to be the same in MEL cells, K562 cells and HeLa cells.
The third footprint covers a large area from -190 to -224,
of which the first half (from -190 to -210) is present in
MEL and K562 cells only while the second half (-210 to
-224) is also present in HeLa cells (see also Figure 6E).
All of these footprints were also present with extracts from
mouse foetal liver which expresses the human (3-globin gene
in transgenic mice. Other tissues did not show the -190
to -210 footprint (data not shown). From these results we
tentatively conclude that the area outside the minimal
promoter binds at least three non-erythroid specific protein
factors and one erythroid specific protein factor.
Comparison of the sequences within the footprinted

regions with known binding sites reveals a number of
possible candidate factors. The region between -210 and
-224 contains a good NF 1 consensus site and indeed Jones
et al. (1987) have shown that this region can bind NFI
(Figure 2). The region between -190 and -210 shows no

obvious homology with the binding site of known factors,
but it does contain a dyad symmetry (Figure 2) of a core
sequence T/A ATC A/T Py also found in the 3' flanking
(-globin enhancer (regions A, B, C and D; Wall et al.,
1988), the chicken 13-globin enhancer (region IV; Emerson
et al., 1987) and a number of erythroid specific promoters.
The -150 region contains a CAAT box homology and part
of an NFl binding site (the latter also reported by Jones
et al., 1987). The -120 region contains another consensus
of the erythroid specific binding site (one mismatch at
position -119). This sequence also contains a consensus with
one mismatch to the binding site of ATF (Hurst and Jones,
1987). Lastly, the CAAT box also contains a consensus of
the erythroid specific binding site.

Characterization of the protein factors by mobility
shift assays
To identify which individual proteins interact with each of
the binding sites, a number of oligonucleotides were used
as probes or competitors in gel mobility assays (see Materials
and methods). Five sets of oligonucleotides were synthesized
containing the CAAT box, the two CAC boxes, the entire
-120 and -150 footprints and the -200 (erythroid specific)
part and the -215 (non-erythroid specific) part of the large
upstream footprint (Figure 2). These were compared with
four oligonucleotides A, B, C and D from the (3-globin 3'
flanking enhancer (Wall et al., 1988), a CAAT box sequence
(c-CAAT) and an NFl binding oligonucleotide from
adenovirus (see Figures 2 and 4). The NFl oligonucleotide
shows two strong gel mobility shift bands and one very weak
one, while the a-CAAT shows one major band. The
oligonucleotides A, B, C and D all bind an erythroid specific
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Fig. 3. Left panel: Gel mobility shift assays of the human ,B-globin CAAT box with nuclear extracts from MEL cells (see Materials and methods).
The binding or competitor oligonucleotides are: -200 and ,B-CAAT from the j-globin promoter and the CAAT box from the ca-globin gene
(aCAAT). Concentrations of competitor are 10 or 50 ng (50- to 250-fold over probe). F is free unbound probe. Right panel: Gel mobility shift
assays of the human (3-globin CAC box containing fragment with nuclear extracts from MEL cells (see Materials and methods). The competitor
oligonucleotides are: -200, -150 and -120 from the human ,B-globin promoter; A, B, C and D from the 3' flanking enhancer of the (3-globin gene
(Wall et al., 1988); NFl from a binding site for NFl in adenovirus, API from a binding site of API in SV40, caCAAT from a CAAT box of the
human /3-globin gene and j3CAC, the binding fragment itself. All oligonucleotides are in 250-fold excess and are described in Materials and methods.
F is free unbound probe, 1, 2 and 3 indicate the different CAC box complexes.

protein in addition to a series of non-erythroid specific
proteins (Wall et al., 1988). Lastly we also used a fragment
containing a CAAT displacement factor (CDF) binding site
(Barberis et al., 1987), which also contains the same

erythroid specific factor binding site as in oligonucleotides
A, B, C and D.
The fragment containing the CAAT box (from -87 to

-57) shows two mobility shifts on gels after binding to
nuclear extracts from MEL cells (Figure 3A). The slower
mobility complex is also observed with and competed by
the c-globin CAAT box and represents CP1 (Chodosh et al.,
1988). The faster mobility complex is also observed with
and competed by the -200 region and represents the
erythroid specific protein NF-E1 (see below). The
competition experiments further indicate that the CAAT box
is not a strong binding site for either CP1 or NF-E1.
The fragment containing the two CAC boxes (from -111

to -82) reproducibly shows three major DNA fragment
mobility shifts on gels after binding to a nuclear extract from
uninduced MEL cells (Figure 3B, MEL, bands 1, 2 and 3).
The same pattern is observed with nuclear extracts from
induced MEL and K562 cells (not shown). All of these bands
are also observed in HeLa extracts (not shown). Compe-
tition with the binding sites from the 3' flanking fl-globin
enhancer (A, B, C and D), the upstream promoter elements

(-200, -150, -120) and a number of known factor binding
sites (API, aCAAT, NFl) failed to show any competition.
Methylation interference experiments (Figure 4 and sum-
marized in Figure 2) showed no differences for the different
MEL complexes. Interestingly, the interference experiments
also failed to show any binding to the most 5' CAC box.
The -120 region shows two major and several minor

bands. Both of the major bands are competed by the
oligonucleotide itself. The higher mobility complex
co-migrates with an erythroid specific complex formed with
all enhancer oligonucleotides (Figure 4, solid circle) and is
competed by all oligonucleotides that bind this factor,
including the weak site B (Figure 5A) at low concentrations
(not shown). We have named this factor NF-El. The slower
migrating band is competed by oligonucleotides A and (to
a lesser extent) C (Figure 5A). This band co-migrates with
a non-erythroid specific complex, called a2, formed with
the enhancer oligonucleotide A (Figure 4 and Wall et al.,
1988). The competition of both bands with the NFl
oligonucleotide is not very specific as it is only observed
at very high ratios of competitor to probe (not shown). We
therefore conclude that the -120 region has a weak binding
site for the erythroid specific factor NF-E1 and a stronger
binding site for a non-erythroid specific factor a2. We do
not know what the minor bands represent since they are not
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Fig. 4. Left panel: Gel mobility shift assays of the human (3-globin promoter elements with nuclear extracts from MEL (M), K562 (K) or HeLa (H)
cells. F is free unbound probe, closed circles are NF-E1 complexes, open triangles a2 complexes, open circles CPl complexes. Probes are indicated
on top and are described in Materials and methods. Right panels: Methylation interference assay on the coding strand of the - 120 oligo, the non-
coding strand of the CAC box oligo and the coding strand of the -200 oligo. Probes were methylated and a gel retardation was performed with a
MEL nuclear extract. The following bands were excised from the gel; for the -120 oligo, the slowest migrating band a2 (Figure 4) and free DNA;
for the CAC box oligo, the slowest migrating band (Figure 3B) and free DNA (the same CAC box interference pattern was obtained when the faster
migrating bands were analysed); for the -200 oligo, the NF-El complex (Figure 4) and free DNA. All gel slices were treated as described in
Materials and methods. The sequence of each oligo strand is indicated. F, free DNA; B, bound DNA.

competed by any of the oligonucleotides, including the -120
itself. Methylation interference experiments (Figure 4 and
summarized in Figure 2) indicate that the NF-E1 and a2
proteins use different but overlapping binding sites.
The -150 region shows a single non-tissue specific

mobility shift (Figure 4) which is competed by the -150
oligonucleotide itself (Figure SB). It is also competed by the
a-CAAT box oligonucleotide and the B oligonucleotide from
the enhancer. When this occurs a slightly faster migrating
band (smear) can be observed. The single specific mobility
shift complex co-migrates with the complex formed with the
a-CAAT box oligonucleotide (Figure 4, panels ax-CAAT and
-150) and we therefore conclude that the -150 region binds
the non-erythroid specific CAAT box binding protein
(Chodosh et al., 1988). Double competition with the a-
CAAT and NFl oligonucleotide competes all the bands and
suggests that the faster complex is NFl related as suggested
by Jones et al. (1987).
The -200 region shows two major mobility shift bands

when a fragment (from -265 to -167) spanning both
footprinted regions is used (Figure 6A). The faster migrating
complex binds at low extract concentrations while the second
and slower mobility complex is formed at higher concen-
trations (Figure 6A). The fast complex is also found when
an oligonucleotide from -209 to -183 is used. It
co-migrates with the erythroid specific complex NF-E1
(Figure 4, panels A, B, C, D and -200) and can be
competed by all of the NF-E1 binding oligonucleotides
(Figure 6B). The fact that it is competed at low concentra-
tions by oligonucleotides C and D and only at higher
concentrations by oligonucleotides A, B and the -120 region
indicates that this is a strong binding site for NF-E1 (not
shown). Methylation interference experiments (Figure 4 and
summarized in Figure 2) indicate that either binding site in
the dyad symmetry is used. The slow mobility complex is
competed by an NFl and a CDF binding oligonucleotide
at low concentrations (Figure 6C -E). The oligonucleotide

from -226 to -199 containing this footprinted region binds
the same proteins as the NFl oligonucleotide (Figure 6D),
but does not compete the slow mobility bandshift at low
concentrations (Figure 6D). This oligonucleotide does
compete however the -215 part of the footprint (Figure 6E).
Both oligonucleotides only show faster migrating complexes
(in low salt) representing an NFl complex (Figure 6D),
which is replaced (not shown) by a slower mobility complex
in higher salt as reported by Chodosh et al. (1988). The very
slow mobility complex in the -215 region, however, is
unstable in high salt and can also be competed by high
molecular weight poly dI dC (not shown). This is also
observed with mammalian CDP (Busslinger, personal
communication). Although we do not completely understand
the NF1-CDP results, we suggest that the -215 region can
bind a non-tissue specific complex (Figure 4) of more than
one factor, perhaps CDP and NF1. It does not include NF-E1
since competition with the NF-E l binding site increases the
amount of slow mobility complex by decreasing the amount
of NF-E1 binding (Figure 6D). We therefore conclude that
the -200 to -220 region can form a tissue specific complex
(NF-E1) and a non-tissue specific (CDP/NFI) complex.
These two complexes compete with each other by having
overlapping binding regions. The NF-E1 factor has a higher
affinity for DNA binding in vitro, but is replaced by the slow
mobility complex at high protein concentrations (Figure 6A).

Transcription of promoter deletions in MEL cells
We have previously shown that the promoter of the 1-globin
gene is inducible in MEL cells upon differentiation. In a
series of 5' deletion experiments the -150 region appeared
to be responsible for this effect (Antoniou et al., 1988).
However, this region appears to bind CP1 (and NFl with
low affinity) and we therefore made a number of new
constructs to test which region was responsible for the
induction of the minimal promoter region (-103). Different
combinations of the -200, -150 and -120 regions were
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The human ,B-globin promoter
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extending 815 bp 5' of the transcription initiation site. This gene is cloned on the plasmid pTM as described (Antoniou et al., 1988). -103-164 is
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reinserted as the oligonucleotide described in Figure 2. The -138, 140-400, 103-120, -184 and 140-400+(150) are similar constructs with
different coordinates as indicated by the numbers. It is worth noting that the difference in the distance between the CAC box and the -150 region is
a whole number of helical turns in the wildtype (wt) construct and the mutants 103-140+(150) and 103-120, while a half turn is introduced in the
construct 140-400+(150).

tested when linked to with the minimal promoter in MEL
cells (Figure 7). Each promoter construct was linked to the
major histocompatibility gene H2-K, which itself is not
induced in these cells (Wright et al., 1984). Each hybrid
(3-H2-K gene plasmid which also contained a thymidine
kinase promoter driven G418 resistance marker, was

introduced into MEL cells by electroporation and three
independent stable populations for each construct were

established by selection in G418. Analysis of the levels of
,3 -H2-K mRNA before and after induction of the erythroid
differentiation of the populations showed that a minimal (-

globin promoter (-103) is only inducible in MEL cells when
combined with the -200 and -150 regions or the -150
and the -120 regions (Figure 7, lanes 103-120 and -184),
but not with the -120 or the -200 regions alone (Figure
7, lanes 103-164 and -138 or 140-400). This suggests
that the -150 region plays a crucial role. However, a

promoter containing just the -150 region, coupled to the
minimal promoter in the deletion mutant -103 -400, also
does not induce [Figure 7, lanes 103-400+(150)], while
the control construct does induce [lanes 140-400+(- 150)].
We therefore tentatively conclude that the -150 region can
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Fig. 8. Schematic representation of the factors binding to the human ,B-globin promoter (this paper) and 3' enhancer (Wall et al., 1988). The
promoter and enhancer are on the same scale, the gene and immediate 3' flanking region have been compressed to a smaller scale. The symbolsindicate the various protein factors. CDP, NFl, NF-E1, CPI, a2 and an octamer binding protein, b3/c2 (Wall et al., 1988). The factors binding tothe minimal promoter (TATA, CAAT and CAC boxes) have not been indicated. Solid double arrows indicate binding of different factors to the same
or overlapping sites.

only function in combination with either the -120 or the
-200 region, although we have not yet rigorously tested
the spacing requirements (see legend Figure 7).

Discussion
The results obtained in this work have shown that several
protein factors can bind to the upstream region of the
f-globin gene in vitro. These results can be summarized as
follows (Figure 8):

(i) An erythroid specific protein (NF-E1) binds at two
positions of the upstream promoter, at the -200 region with
high affinity and at the -120 region with low affinity (Figure
8). Although at different levels, this protein is present in
erythroid cells independent of the stage of expression and
it can bind at several different promoters and enhancers of
erythroid specific genes (for discussion see Wall et al.,
1988).

(ii) At the -200 region a second non-erythroid specific
protein complex is found. The formation of this complex
results in a slow migrating band which can be competed
specifically with a CDP (or NFl) binding site. At high
concentration this complex completely replaces the NF-El
(only) complex, as demonstrated in a changed footprint
which becomes identical between MEL and HeLa cells and
a loss of the NF-El specific mobility shift. The slow mobility
complex is not formed with only the NFl binding site
containing region (-215 oligonucleotide). Instead, only a
complex with the normal NFl mobility shift is formed
(Figure 6). Similarly, the oligonucleotide does not appear
to contain the complete CDF binding site (as yet unknown,
Barberis et al., 1987).

(iii) At the - 120 region a second non-erythroid specific
protein is also bound (Figures 4 and 5). This protein forms
a complex a2 that is also found in the 3' flanking region
enhancer (Wall et al., 1988). It does not bind a known
consensus sequence and represents, to our knowledge, a
previously unreported protein.

(iv) At the -150 region two non-erythroid specific binding
sites are found. This first complex is the same as formed
with the aiCAAT box. It has a perfect CPI consensus
sequence and therefore probably contains CPI (Chodosh
et al., 1988). When the CPI complex is competed a very
weak complex is visible probably with NFl as reported
previously (Jones et al., 1987).
When the protein complexes at the upstream promoter are

compared to those formed with the 3' flanking enhancer,
the similarity is striking. Several of the complexes found

in the upstream promoter, with the exception of CDP and
NFI, have also been found in the enhancer. NF-El binds
at four sites (A, B, C and D), the a2 protein at site A and
the CAAT binding protein at site B (Wall et al., 1988). It
is therefore tempting to speculate that the upstream part of
the promoter interacts with the enhancer efficiently to form
transcriptionally active complexes in the minimal promoter.
It should be noted, however, that in the presence of the
enhancers, deletion of the entire upstream promoter still
results in erythroid specific induction of transcription in MEL
cells (Wright et al., 1984) or erythroid expression in
transgenic mice (Townes et al., 1985).
The expression data indicate that the -150 region alone

(binding CPI) coupled to the minimal promoter, is not
sufficient to mediate an increase in transcription in the
absence of globin enhancers in induced MEL cells. At least
one of the NF-El binding regions must be present to obtain
this effect and this suggests that specific complexes may be
formed with CPI heterodimers. Due to position effects, it
is not clear whether the addition of a second NF-E1 complex
region (i.e. the entire promoter) results in a higher efficiency
of transcription induction than the presence of just one
region, i.e. either -150 and -200, or -150 and -120
(Figure 7). It is as yet also unclear from these data how the
f-globin is induced in MEL cells and not expressed in
uninduced MEL cells or K562 cells (which represent an
earlier stage of development). All of the factors we have
described occur in all of the cell types without any apparent
qualitative differences, although there are quantitative
differences; NF-E 1 is lower in K562 and induced MEL cells,
while the concentration of a2 is increased in K562 and
uninduced MEL cells (Figure 4). Perhaps the a2 protein acts
as a negative factor on the promoter and some preliminary
support for this has been obtained by the introduction of a
-120 internal deletion mutant in K562 cells (Antoniou et al.,
unpublished).
Presumably the effect of the upstream promoter is

mediated to the minimal promoter through the CAC box
protein in a similar fashion as recently described by Schule
et al. (1988), who showed co-operativity between the
glucocorticoid receptor and the CAC box binding factor. We
have identified several complexes that can be found with the
(-globin CAC box (Figures 1-3) that appear to be the same
as reported by Mantovani et al. (1988). It is clear that the
nucleotides that are important for binding include all the
nucleotides which are known to result in a lower expression
in vivo in two thalassaemic patients, position -87 (Orkin
et al., 1982; Treisman et al., 1983) and -88 (Orkin et al.,
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1984). The binding data also agree with the results obtained
by Myers et al. (1986) which show that mutations at the
CAC box interference sites result in a decrease of transcrip-
tion. Surprisingly, our binding data show no binding at the
distal CAC box, which was shown to be functional in 3T6
cell transfections with the rabbit 3-globin gene (Dierks et al.,
1983). To date, the identity of the CAC box protein(s) is
unknown but our preliminary data suggest that it is the same
as or closely related to Spl and TEF2 (Kadonega et al.,
1987; Davidson et al., 1988; Spanopoulou and Grosveld,
unpublished).
The thalassaemias at least give an indication of the

contribution of the CAC box factor in vivo, but obviously
we do not know at present what the contribution of each
of the elements is to the 'highly efficient' transcription of
the ,B-globin gene in adult stage erythroid cells. However
the discovery of the dominant control region creates the
possibility to study enhancer/promoter interactions in detail.
The addition of this region allows gene copy number
dependent and position independent full expression of the
gene in mice (Grosveld et al., 1987) and MEL or K562 cells
(Blom van Assendelft et al., unpublished). Therefore this
provides for a quantitative analysis of the expression of
integrated genes in which the interaction between elements
can be studied.

Further detailed mutagenesis of the promoter and enhancer
sequences in such an expression system and purification and
characterization of the factors are in progress to understand
the role of the upstream promoter region in the apparently
complex interactions between several different regulatory
regions.

Materials and methods
Oligonucleotides
The following oligonucleotides were used: -215, CGTGTACTGATGGT-
ATGGGGCCAAGAGA; -200, CGAGGCCAAGAGATATATCTTAGA-
GGGAGT; -150, CGAACTCCTAAGCCAGTGCCAGAAGAGCCT;
-120, CGACGGCTGTCATCACTTAGACCTCACCCT; aCAAT,
CTCCGCGCCAGCCAATGAGCGCCGCCC; fCAAT, CGACCT-
AGGGTTGGCCAATCTACTCCCAGGAGCT adeno NFl, TATA-
CCTTATTTTGGATTGAAGCCAATATGATTGC; CACbox,
CGAAGACCTCACCCTGTGGAGCCACACCCTAGT; CDP,
GCGTTGATAAGTAGATTATCATGTCGCGCTGATAAGCAGA;
enhancer oligos: A, CTCCCGGAACTATCACTCTTTCACAG; B,
TCTTATTACCCTATCATAGGCCCACC; C, TCAGGATGTTTAA-
GATTAGCATTCAGGAAG and D, GTCTGCTGGCTCCCTTATCAT-
GTCCCT.

Preparation of nuclear extracts
All cells used were grown in suspension to a density of 0.6-1.0 x 106
cells/mi. HeLa cell nuclear extracts were prepared by the method of Dignam
et al. (1983). The final (NH4)2SO4 pellets were dissolved in 1 ml buffer
D (20 mM Hepes, pH 7.9, 20% glycerol, 0.1 M KCl, 0.2 mM dithiothreitol,
0.5 mm EDTA, 0.5 mM phenylmethylsulphonyl-fluoride) per 3 g of starting
material.

Nuclear extracts were prepared from MEL cells, K562 cells, mouse foetal
liver (13-15 days' gestation) and adult liver (20-30 days old) by a
modification of the method described by Gorski et al. (1986). Minced tissue
was washed twice with cold phosphate buffered saline and then homogenized
using a motor-driven glass teflon homogenizer in 3-5 volumes of
homogenization buffer (2.2 M sucrose, 10 mM Hepes, pH 7.6, 25 mM
KCI, 1 mM EDTA, 0.5 mM spermidine, 0.15 mM spermine, 0.5 mM
dithiothreitol, 0.5 mM phenylmethylsulphonyl-fluoride, and 1% Trasylol
(Bayer Co. Ltd). When >90% of the cells were lyzed, the volume was

increased with the same buffer to 40 ml per 3-5 g of starting tissue. The
nuclei were then pelleted by centrifugation for 45 mmn at 24 000 r.p.m.
in an SW27 rotor. The chromatin was removed and the nuclear proteins
extracted from the nuclei exactly as described for liver tissue (Gorski et al.,
1986), except that the final (NH4)2SO4 pellets were re-dissolved in buffer

D (1 ml/10 g tissue). Extracts contained 10-50 mg proteins per ml and
were stored frozen under liquid nitrogen.

DNasel footprinting assays
Each fragment was labelled with [-y-32P]ATP using polynucleotide kinase,
cut with the second enzyme and isolated. Each 25 1t1 footprinting assay
including extract contained 1.0 fmol of 32P-labelled DNA (- 3000 c.p.m.),
1 yg poly dI:polydC (Pharmacia Ltd) and 10 jig of protein extract (unless
stated otherwise) in 20 mM Hepes (pH 7.9), 8% glycerol (v/v), 40 mM
KCI, 0.2 mM phenylmethylsulphonyl-fluoride, 1.5 mM dithiothreitol, 0.08
mM EDTA and 0.8 mM MgCI2. All other components were mixed on ice
and then the extract was added and the assay mix was incubated at room

temperature for 20 min. After cooling on ice for a few minutes, 0.25-1.0
Ag of DNaseI (Sigma Chemical Co.) in 1 11 of 10 mM Tris, pH 7.5, was
added and the reaction was incubated on ice for 90 s. The assay was stopped
by the addition of an equal amount of 1.2 M NaCl, containing 0.4% sodium
dodecylsulphate, 20 mM EDTA and 200 Ag/ml tRNA. After phenol:
chloroform extraction and ethanol precipitation the samples were run on

6% sequencing gels alongside G+A tracks of the same DNA (Maxam and
Gilbert, 1980). In competition assays oligonucleotides were added before
the addition of extract, as described below.

Gel mobility shift assays and competition studies
Synthetic single-stranded oligonucleotide (20-50 ng) was 32P-labelled with
polynucleotide kinase. After separation from the unincorporated radioactivity
by Sephadex G-50 gel chromatography, a 4-fold excess of the opposite strand
oligonucleotide was added. The mixture was heated to 90°C for 2 min and
then the DNA was allowed to anneal by cooling slowly to room temperature.
Unlabelled oligonucleotides used as competitors were annealed in a similar
manner, equal amounts of both strands were used and the DNA was annealed
at a total concentration of 0.05 Ag/Al.
Each 10 Al gel mobility shift assay contained 0.1 ng of labelled

oligonucleotide and 0.4 ng of the complementary unlabelled oligonucleotide,
2 pg of poly dI:poly dC, 10 pg of extract protein (except where stated
otherwise) and 1 Al of 50 mM Tris, pH 8.0, 5 mM dithiothritol, 5 mM
EDTA, 250 mM NaCl and 10% Ficoll (Pharmacia Ltd). All other
components were mixed on ice and then the extract was added and the assay
mix was incubated at room temperature for 20-30 min. After the addition
of 1/Oth volume of 20% Ficoll containing 0.05% Xylene blue and 0.05%
bromophenol blue, the samples were run on 4% acrylamide: 0.13%
methylene bis-acrylamide pre-run gels for 1.5-2 h at 60 V/cm2 in 0.25
TBE running buffer. For competition experiments, the unlabelled
oligonucleotides in a 0.5 Al of annealing buffer were added to the assay
mixes before the addition of extracts. In control experiments, without the
addition of extract, all detectable labelled DNA migrated at the position
of the free DNA, marked in the figures.
Methylation interference assay
Single-stranded oligonucleotide (50 ng) was 32P-labelled, precipitated and
dried as above. The DNA was re-dissolved, methylated (G+A), as described
by Maxam and Gilbert (1980) and annealed to its opposite strand partner.
After a gel mobility shift assay, the bands containing different complexes
were excised from the gels. The DNA was then electro-eluted, phenol-
chloroform extracted, ethanol precipitated, washed with 70% ethanol and
dried under vacuum. Following NaOH treatment (Maxam and Gilbert, 1980),
the radioactive samples were separated on 12% sequencing gels.
Transcription assays
MEL cell cultures, transfections, RNA isolation and S1 nuclease protection
assays were all as described in Antoniou et al. (1988).
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