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Adult K-globin-like promoters contain a cis-acting element, CCACACCC, that is conserved across species
and is required for wild-type levels of transcription. We have studied the contribution of this element and
proteins that interact with it to activate 13-globin transcription. We found that an erythroid-like cell line, MEL,
contains several proteins that specifically bind the CACCC element. By comparing the DNA-binding properties
of promoters with mutations in the CACCC element with the transcriptional activities of these mutant
promoters, we found that two CACCC-binding proteins did not bind to mutant promoters that direct decreased
levels of transcription. One of these proteins is the transcriptional activator Spl, and the other we have
designated CACD (CACCC-binding species D). We subjected CACD to a binding site selection procedure and
obtained high-affinity CACD binding sites that are identical to that of the 13-globin CACCC element. This
result, combined with our finding that CACD binds the CACCC element with a higher affinity than does Spl,
argues that the CACCC element is a target of CACD rather than Spl. The strategy of correlating the results
of a binding site selection experiment with those of in vivo expression and in vitro binding studies may allow
evaluation of the relative potential of different proteins to activate transcription through a single cis-acting site.

The adult P-globin-like promoters contain several ele-
ments whose sequences and locations are highly conserved
(14). One of these is the CACCC element, CCA/TCACCC
(Table 1). A large body of work has demonstrated that this
element is required for wild-type levels of transcription of
transfected ,3-globin-like genes in HeLa, L, and 3T6 cells
(12, 39, 54). Similarly, this element is also required for
transcription of transfected ,B-globin genes in erythroid cells
(7, 49). More striking, several different naturally occurring
single base substitution (point) mutations in the CACCC
element of the human 3-globin promoter that are known to
decrease transcription cause 1-thalassemia (Table 1) (18, 32,
40, 41, 43, 51). Also, there are indications that the ,-globin
promoter CACCC element may be involved in mediating the
effects of the far-upstream locus control region (1).

Transcription of several other genes depends upon se-

quences that resemble or are identical to the 3-globin
CACCC site. These include the simian virus 40 enhancer,
the erythroid cell-specific GATA-1 transcriptional activator
gene, the tryptophan oxidase gene, and the porphobilinogen
deaminase gene (16, 46, 52, 55). These genes, and other
CACCC element-containing genes, are active in many dif-
ferent cell types. In some cases, it is known that the CACCC
element is required for the activity of an additional nearby
cis element. For example, in the tryptophan oxidase pro-
moter, a CACCC element and a glucocorticoid response
element (GRE) occur within 10 nucleotides of one another.
Transcriptional induction of tryptophan oxidase by gluco-
corticoids occurs only if both the GRE and the CACCC
element are intact (46). Additionally, the tryptophan oxidase
GRE and CACCC element must be spaced an integral
number of 10 nucleotides apart for maximal activity, sug-
gesting that proteins binding these elements interact in a
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specific spatial orientation to activate transcription cooper-
atively. A similar interaction appears to occur in the propho-
bilinogen deaminase promoter between a CACCC element
and a GATA-1 binding site (16).
The data presented above suggest that the CACCC ele-

ment serves as a binding site for a factor or factors, widely
distributed across tissues, that activate transcription and
that likely cooperate with other transcriptional regulatory
proteins. For these reasons, many laboratories have been
interested in characterizing potential transcriptional regula-
tory proteins that bind to this sequence element. A number
of such putative factors have been identified in many differ-
ent cell types (4, 8, 9, 17, 21, 34, 35, 38, 47, 55). Because we
are interested in the regulation of 3-globin gene transcrip-
tion, we have studied CACCC-binding proteins from MEL
cells, a mouse erythroid precursor immortalized at the
pre-erythroblast stage (36).
When treated with any of a variety of chemical agents,

MEL cells differentiate into an erythrocyte-like cell (36).
During this process, adult globin genes and other erythroid
cell-specific genes are transcriptionally activated (36). We
have found that several CACCC-binding activities occur in
MEL nuclear extracts, in agreement with previous reports
(9, 22, 35). Although these DNA-binding activities can be
distinguished by their mobilities in native gels, they share
many other properties. We sought to differentiate between
these binding activities and deduce which activity(ies) is
most likely to activate P-globin transcription from the
CACCC element in vivo.
Given the rapid expansion in the number of known DNA-

binding transcriptional regulatory proteins, many of which
bind to similar sites, our problem of differentiating between
several different activities binding a single site is not unusual
(24, 26). To address this problem, we first looked for a

correlation between the ability of CACCC-binding proteins
to bind to ,-globin promoters with mutations in or around
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TABLE 1. Alignment of CACCC elements from different genes

Gene Sequence' Reference

Adult 1-globin 191
Human pb C A G A CO T C A C C CT G 12

A G A CC AC A 8 8C T A

Mouse 3-major A G A G C C A C A C C C T G 12
Mouse 3-minor G A A G C C T C A C C C T G 12
Rabbit 1 C A G A C C T C A C C C T G 12

A G A G C C A C A C C C T G
Goat PA and PC C A A G C C T C A C C C T G 12
Chicken 1 T G A G C C C C A C C C T G 12

Others with CACCC elements
Tryptophan oxidase A G A G C C A C ACCC A G 46
Porphobilinogen deaminase C A G G C C C C A CCC T C 12
Simianvirus 40 GT-1C motif C T T T C C A C ACCC A 55
GATA-1 G G C G G C A C A C C C C C 53

A C T G C C C CACCC A C

a The boxed sequences are those that are most highly conserved and required for transcription.
b The human CACCC element is duplicated. Naturally occurring, individual C-to-T point mutations at positions -101, -88, and -87 or a C-to-G mutation at

position -87 result in P-thalassemia.

the CACCC element and the ability of these mutant promot-
ers to activate transcription. Three of the four CACCC-
binding species bound less well to 1-globin promoters bear-
ing mutations in the CACCC element that decreased
transcription; this is behavior that might be expected of a
transcriptional regulatory protein acting through this site.
Two of these potential activators were examined in greater
detail. We demonstrated that one CACCC-binding protein is
the transcriptional activator Spl. A second candidate acti-
vator was subjected to a site selection procedure to find its
preferred high-affinity binding site. The results of this exper-
iment lead us to believe that it is this activity, rather than
Spl, that is most likely the transcriptional regulator that
binds the CACCC element and activates transcription of the
adult 3-globin genes. Finally, we suggest that this combina-
tion of binding, transfection, and site selection experiments
may provide a general approach for differentiating between
multiple proteins binding to a particular cis element.

MATERIALS AND METHODS

DNAs. The 1-globin promoter was assayed in the context
of a fusion of a minimal 1-globin promoter (nucleotides -106
to +26) to the mouse metallothionein-1 gene (nucleotides
+65 to +2200). Most of the mutant 1-globin promoters, as
well as the histone H4 reference gene, were derived from
previous work in this laboratory; however, several new
mutations were generated for this work (39, 49). These
mutations, -95A, -94T, -92C, -92T, -90T and -92C/
-93T, were all constructed by site-directed mutagenesis
(33).

Transfections. MEL cells (aprt mutant [10]) were grown in
Dulbecco's modified Eagle medium (Irvine Scientific) sup-
plemented with 10% fetal calf serum (HyClone Laboratories,
Inc.) and penicillin G (100 U/ml)-streptomycin sulfate (100
,ug/ml). Cells were transfected by the DEAE-dextran method
and, where indicated, induced to differentiate exactly as
described previously (7).
RNA analysis. Cytoplasmic RNA was isolated from the

transfected cells by the method of Favalaro et al. (15). The
1-globin-metallothionein and H4-metallothionein fusion
RNAs were quantitated by an S1 nuclease protection assay
as described previously (7). Single-stranded, end-labeled

probe DNAs complementary to the expected products of the
transfected genes were made as described previously (7, 49)
(Fig. LA). Signals were visualized by autoradiography and
were quantitated on a Phosphorimager (Molecular Dynam-
ics). An example of the data collected is shown in Fig. 1B.
DNA binding assays. (i) Probes. The CAC1 probe was

generated by cloning an oligonucleotide (Fig. 1C) into the
XhoI site of plasmid pSP72 (31). This cloned product was
excised from the plasmid by digestion with EcoRI and XbaI
and was 32P labeled by ifiling in the overhanging ends created
by the restriction enzymes with Klenow enzyme in the
presence of [a-32P]dATP (3,000 Ci/mmol; Amersham). The
labeled DNA was then gel purified in 6% native polyacryl-
amide gels, eluted in crush-soak buffer overnight at 37°C,
and ethanol precipitated (37). Probes were stored in 10 mM
Tris-HCl (pH 8)-1 mM EDTA-100 mM NaCl. 1-globin
promoter probe DNAs were prepared as described above,
using BglII and ClaI to remove the 132-nucleotide 3-globin
promoter (-106 to +26) fragment from plasmid p3MTF5 and
its mutant derivatives.
For DNase I footprinting, CAC1 probes labeled at a

specific end were generated by cutting the DNA with either
EcoRI or XbaI alone, treating it with calf intestinal alkaline
phosphatase (Boehringer), and end labeling it with [y_32p]_
ATP (7,000 Ci/mmol; ICN) and polynucleotide kinase (New
England Biolabs). The DNA was subsequently digested with
the other restriction enzyme to release the end-labeled probe
and then gel purified.
The Spl probe was generated by using [.y-32P]ATP and

polynucleotide kinase to end label a double-stranded oligo-
nucleotide bearing a high-affinity Spl binding site (29) (Fig.
1D).
The sequences of the two strands of the NF1 binding site

oligonucleotide used as a competitor in Fig. 2 are 5'-
GATCCTI-TGGATTGAAGCCAATATGAT and 5'-CTAG
ATCATATTGGCIrCAATCCAAAAG (27). Annealing of
these oligonucleotides produces a 5'-GATC overhang at
each end.

(ui) Mobility shift assay. For mobility shift assays, protein
samples were mixed with 1 to 12 fmol of probe DNA in a
buffer consisting of 2 mM MgCl2, 10% Ficoll 400 (Pharma-
cia), 20 mM Tris-HCl (pH 8), and 0.4 mM EDTA in a final
reaction volume of 20 pl; 2 p,g of nonspecific competitor
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FIG. 1. Plasmid DNAs used in transfection and mobility shift experiments. (A) Chimeric 0-globin-mouse metallothionein-1 (BMT) and
histone H4-mouse metallothionein-1 (H4MT) constructs (7, 48) that were transfected into MEL cells. The single-stranded DNA probes used
in the S1 nuclease protection assay are shown below each construct. In addition to detecting the transcript to which they are directed, each
probe detects a small portion of the transcript from the other transfected construct in the region that is homologous to the mouse
metallothionein-1 transcript as well as the endogenous metallothionein-1 transcript itself. In both cases, this extra signal is detected as a
32-nucleotide (nt) DNA fragment. (B) An example of the Si nuclease assay. Cells were transfected with p,3MTF5 and pH4MT, and a portion
of the cells was subsequently induced to differentiate. RNA was isolated and subjected to an S1 nuclease protection assay in the presence
of both the ,-globin-metallothionein and H4-metallothionein probes. The products of this assay were fractionated on a 50% urea-

polyacrylamide gel and are shown. The bands above the H4-metallothionein signal are due to upstream start sites in plasmid pH4MT. (C)
Sequence of the CACCC oligonucleotide used to generate probe CAC1 and also used in competition assays. This oligonucleotide contains the
mouse ,B-major-globin promoter sequence between nucleotides -78 and -102 and is numbered accordingly. (D) Sequence of the
oligonucleotide with a high-affinity Spl binding site used as a competitor and, when end labeled with 32P, as a probe in mobility shift assays.
The Spl binding site is underlined.

DNA [poly(dI-dC); Sigma] was included when crude protein
preparations were used, whereas no competitor was used in
reactions with partially purified CACCC-binding protein
species D (CACD) or with pure Spl. Assays of purified Spl
or partially pure CACD included 0.5 mg of bovine serum
albumin (BSA; nuclease and protease free; Calbiochem) per
ml as a carrier protein; in the case of partially purified
CACD, no mobility shift was observed without carrier
protein. Binding reaction mixtures were incubated at room
temperature for 5 to 20 min and loaded onto a 6% 39:1
(acrylamide/bisacrylamide) cross-linked polyacrylamide gel.
The gel was run at room temperature at approximately 6
V/cm in a buffer consisting of 50 mM Tris-HCl (pH 8.5), 190
mM glycine (Bio-Rad), and 1 mM EDTA (2). For assays with
specific competitor DNAs, the protein sample was added
after the probe and competitor DNAs were mixed; the
reaction mixture was then incubated for at least 20 min at
room temperature before being loaded on the gel.
The proteolytic clipping band shift assay (45) was per-

formed by combining 50 ,ul of purified Spl or partially pure
CACD with 10 ,ug of BSA carrier protein in 1 mM CaC12.
Fifty nanograms of proteinase K (Boehringer Mannheim)

was added, and the proteins were allowed to digest at room
temperature. At intervals of 2, 5, and 10 min, 10-p,l aliquots
were withdrawn and treated with phenylmethylsulfonyl flu-
oride to inhibit the proteinase K. Four microliters each of
these proteolyzed samples was then subjected to mobility
shift analysis.

(iii) DNase I footprinting. DNase I footprinting assays were
carried out in conjunction with the mobility shift assay. The
mobility shift assay allowed the separation of the different
CACCC-binding species in crude extracts as well as separa-
tion of bound and unbound probe. For the DNase I reac-
tions, a typical mobility shift reaction was scaled up in size
three to five times. After binding for 10 min at room
temperature, the reaction mixture was brought to 1.25 mM in
CaC12 and immediately treated with 5 to 100 ng of DNase I
(Worthington) for 1 min at room temperature. EGTA was
added to 1.25 mM, and the samples were immediately loaded
onto a mobility shift gel. After electrophoresis, the free and
shifted probe bands were excised and purified as described
previously (2). The eluted DNAs were fractionated on 10%
polyacrylamide-50% urea gels and visualized by autoradiog-
raphy.
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Proteins. MEL cells were grown in suspension at 0.5 x 106
to 1.5 x 106 cells per ml in Joklik's minimal essential medium
(Irvine Scientific) supplemented with 5% newborn calf se-
rum (Gemini Biosciences) and penicillin-streptomycin.
Nuclear extracts were prepared as described by Dignam et

al. (13). All buffers used in the preparation of nuclear
extracts and in the purification of proteins included 0.1%
Nonidet P-40 (Sigma), 1 mM dithiothreitol, 0.5 mM phenyl-
methylsulfonyl fluoride (Sigma), 1 mM benzamidine (Sigma),
1 ,ug of aprotinin (Boehringer) per ml, 1 pg of leupeptin
(Boehringer) per ml, and 1 ,ug of pepstatin A (Sigma) per ml.
All manipulations of protein were carried out at 0 to 4°C.
Proteins were stored at -70°C.
CACD was purified from MEL cell nuclear extracts by a

combination of conventional and site-specific DNA affinity
chromatography. These data will be presented in detail
elsewhere (23a).
Spl was purified from MEL cells by a combination of

wheat germ agglutinin agarose and site-specific DNA affinity
chromatography as described by Jackson and Tjian (25). The
protein produced by this procedure was 95% pure Spl
protein as judged by silver staining and was authentic Spl as
judged by immunoblot analysis.

Site selection assay. The site selection assay was performed
as described by Blackwell and Weintraub (3). Briefly, an
oligonucleotide, 5'-TCCGAATTCCTACAGN21TGCAATGG
ATCCGTCT, with 21 random internal nucleotides (N) and
flanking primer sites was synthesized. The oligonucleotide
was made double stranded by annealing with primer A
(5'-AGACGGATCCATTGCA) and primer extension with
Klenow enzyme in the presence of 60 ,uCi of [a-32P]dATP
and 0.5 mM each of the three other unlabeled deoxynucleo-
side triphosphates (dNTPs). The probe was gel purified as
described above and, because it was internally labeled, was
used as soon as possible after gel purification. The amount of
probe was quantitated by counting the amount of incorpo-
rated 32P and assuming a random distribution of adenines in
the internal, random sequences. Mobility shift reactions
were performed with 4 fmol of the labeled probe and the
most highly purified fractions of CACD (see below). Marker
lanes consisting of CACD binding reactions with the CAC1
probe were also run. After electrophoresis, gels were dried
and exposed to film. The region of the gel containing probe
DNA migrating at the same mobility as the CACD shift with
the CAC1 probe was excised, and the DNA was eluted by
the crush-soak method and collected by ethanol precipita-
tion.
The recovered probe was immediately amplified by poly-

merase chain reaction (PCR) by using primerA and primer B
(5'-TCCGAATTCCTACAG). PCR conditions were 2.5 nM
each primer, 0.1 mM dNTPs, 1.5 mM Mg2+, 50 mM KCl, 10
mM Tris-HCl (pH 8.4), 100 ,ug of gelatin per ml, and 0.5 pl
of Taq DNA polymerase (Cetus-Perkin Elmer) in a total
volume of 100 pl. Samples were put through 30 cycles of
94°C for 20 s, 55°C for 20 s, and 72°C for 30 s. After PCR, the
products were separated from the unincorporated nucle-
otides and primers on a Sephadex G-25 (Pharmacia) spin
column and concentrated by ethanol precipitation in the
presence of 10 ,ug of carrier tRNA. These products were
labeled with 32P and made double stranded as described
above except that both primers were now included since the
starting template was double stranded. Subsequent mobility
shift reactions were performed with lower amounts of probe
and protein to select for higher-affinity protein-DNA inter-
actions. After five rounds of selection, the PCR products
were digested with EcoRI and BamHI and purified on a G-25
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FIG. 2. CACCC mobility shift assay. When crude MEL nuclear
extracts are mixed with the CAC1 probe and separated on a native
gel, several bands are observed. These bands are competed for by a
100-fold molar excess of a specific (CACCC) competitor but not by
a nonspecific (NF1) competitor. The four upper bands that are
routinely observed with crude MEL nuclear extracts are labeled A
to D. The species migrating faster than species D are variable. Band
C and D sometimes appear to be monomeric and at other times
appear to contain more than one species (see Fig. 6).

spin column. These products were ligated into EcoRI/
BamHI-digested pSP72. Sequences of individual clones
were determined by the dideoxy-chain termination method.

Antibodies. The anti-Spl antibodies used in this work were
kindly provided by the Tjian laboratory. One, 2892, is a
polyclonal rabbit antiserum produced against Spl protein
made in Escherichia coli. The other, 2990, is a rabbit
polyclonal antiserum produced against a peptide comprising
most of Spl zinc finger 2.
Immunoblot analysis. Immunoblots were performed by

using standard protocols (23). Proteins were separated on
10% polyacrylamide-sodium dodecyl sulfate (SDS) gels and
electrophoretically transferred to 0.2-,um-pore-size nitrocel-
lulose (Schleicher & Schuell). The filter was blocked with
2% gelatin (ETA grade; Bio-Rad) and was probed with
antibody 2892 at a 1:1,000 dilution. The filter was subse-
quently probed with an anti-rabbit alkaline phosphatase-
conjugated antibody (Promega) and was developed by using
the Promega Protoblot reagents as instructed by the sup-
plier.

RESULTS

DNA binding studies. To identify potential transactivating
proteins that bind the CACCC element, we used the gel
mobility shift assay. When a 32P-labeled, double-stranded
DNA probe (CAC1; Fig. 1C) containing nucleotides -101 to
-78 of the mouse 3-globin promoter was mixed with MEL
nuclear extracts and electrophoresed on a native gel, four
shifted species, A to D, were observed (Fig. 2). Occasion-
ally, we observed species that migrated with a greater
mobility than did species D. These occurred more commonly
in extracts made without protease inhibitors and in extracts
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FIG. 3. DNase I footprinting. MEL nuclear extracts and the

CAC1 probe were used for mobility shift reactions. Before being
loaded onto the gel, the sample was treated briefly with DNase I.
After electrophoresis, the bands corresponding to bound and free
probe were cut out, and the DNA was eluted and fractionated on a

denaturing gel. Reactions using the CAC1 probe labeled at thb 5' end
of the antisense strand are shown. Purified Spl protein was also
footprinted by this method.

that were several months old. Thus, we assume that these
higher-mobility bands represent proteolytic artifacts (see
also Fig. 7A). Also, both species C and D occasionally
appeared to be composed of two or more bands rather than
one band (compare species C and D in Fig. 2 and 6). In the
case of species C, when a second band was present, it
competed specifically and appeared to bind to mutant pro-
moters with properties similar to those of species A and B
(see below). Therefore, this band may represent a proteo-
lytic fragment of either of these activities. In the case of
species D, the higher-mobility bands may represent a prote-
olyzed fragment of species D or a differentially phosphory-
lated form of species D (23a). Because these other bands did
not appear reproducibly, even when the same sample of
protein was used from experiment to experiment, we believe
that they are experimental artifacts and will not consider
them further.

Competition with an excess of the unlabeled, double-
stranded CACCC oligonucleotide abolished each of the four
CACCC-binding species. None of the shifted species was
affected by competition with a nonspecific DNA fragment
(NF1; Fig. 2). When the entire mouse j-globin promoter-
proximal region, from nucleotides -106 to +26, was used as
a probe, essentially the same pattern of shifts occurred (see
below). Each shifted species observed with the promoter
probe behaved in competition assays like the species of
similar mobility observed with the CAC1 probe (data not
shown). Therefore, under our mobility shift conditions with
both the promoter and CAC1 probes, four CACCC-binding
activities were detected.
The four CACCC-binding activities were further analyzed

by DNase I footprinting. Binding reactions with crude MEL
nuclear extracts and end-labeled CAC1 probe were assem-

bled and treated briefly with DNase I. These reactions were
electrophoresed on mobility shift gels to separate species A
to D. The free and bound probe DNAs were eluted and
further separated on sequencing gels (Fig. 3). Because
species A and B run near one another on the mobility shift
gels, these species could not be separated and were eluted as

a single entity. Thus, the footprint for species A and B
represents the composite of two individual footprints. The
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FIG. 4. Mobility shift analysis of point mutant promoter probes.

The 132- nucleotide ClaI-BglII fragments of the wild-type (WT) and
mutant 3-globin promoters were labeled with 32P to similar specific
activities. Three femtomoles of each of these probes was used in the
mobility shift assay with crude nuclear extracts of MEL cells (A)
and pure Spl protein and partially purified CACD protein (B). In
panel B, only a single shifted speeieg of invariant mobility was
observed for either protein on any of the probes, and only this
species is shown. Figure 6 shows an entire mobility shift with the
protein preparations used for this figure. Mutants -92C/93T, -92T,
-88T, and -87T were assayed in a separate experiment and are
shown alongside a reaction with the wild-type probe that was
performed at the same time for comparison. In panel B, Spl binding
to the Spl probe, in addition to the point mutant promoter probes,
was assayed.

data from these experiments reveal that species A to D have
nearly identical interactions with the CACCC binding site.

Point mutant binding studies. Because it appears that
multiple factors with similar properties bind the CACCC
element, we needed some way to differentiate between these
potential transactivators. We reasoned that if a particular
CACCC-binding species activates 3-globin transcription, its
ability to bind a mutant 3-globin promoter fragment might
parallel the ability of that mutant promoter to activate
transcription. While mutations in the CACCC element that
decrease transcription need not necessarily decrease binding
of a CACCC transactivator protein, we expected that at least
some mutations that reduce P-globin transcription would
exert their effects by decreasing the affinity for a required
transcription factor. Also, we expected that mutations that
did not affect transcription would not disrupt DNA-activator
protein interactions. Using a fragment of the 3-globin pro-
moter including nucleotides -106 to +26 as a probe in the
mobility shift assay, we examined whether promoters with
point mutations in or around the CACCC sequence could
bind proteins with the same relative affinity as did the
wild-type sequence.
With crude nuclear extracts, the mobility shifts observed

with the mutant promoter probes could be placed into
several different classes (Fig. 4A; the sequence of the
wild-type mouse ,B-globin promoter in the region of the
CACCC element is shown in Fig. 1C and 5A). One class of
mutants gave rise to shifted species that were identical to
those observed with the wild-type probe (Fig. 4A, lane WT)

H
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or to a pattern that had only slightly decreased levels of
species A, B, and D. This class of mutations includes
-1O0A, -95A, and -85A, which flank the CACCC site, as
well as -92C and -90T, which fall within the conserved
sequence, CCACACCC. The second class of mutant pro-
moters bound low or negligible amounts of species A, B, and
D. This class includes mutations -87A, -87T, -88T, -89T,
-91A, -92T, -93A, and -93T. Three mutants that do not
fit into these two classes are -90C, -94T, and -92C/-93T.
Mutation -90C bound species B and C at reduced levels and
did not bind species A or D. In contrast, mutant -94T bound
species C and D but not species A or B. Mutation -92C/
-93T increases binding of species A, B, and C and decreases
binding of species D. Finally, only mutations -92C/-93T
and -92T seemed to affect the affinity of the promoter
probes for species C. Overall, these results are reminiscent
of those for experiments that tested binding of HeLa and F9
cell proteins to the simian virus 40 GT-1C motif, which is
similar to the CACCC element (55) (Table 1). However, in
contrast to this previous study, several mutations that we
examined, including -90T, -94T, -95A, and -92C/-93T,
helped us to differentiate between the binding specificities of
the four CACCC-binding activities.

Transfections. Although previous studies of mutations in
the 3-globin CACCC element have examined the transcrip-
tional effects of point mutations at nearly every nucleotide of
this conserved sequence, these studies were carried out
primarily in nonerythroid cells (6, 7, 12, 20, 39). To confirm
the extent of the CACCC element and its nature as a cis
sequence required for ,B-globin transcription in erythroid
cells, mutant j3-globin promoters linked to the mouse metal-
lothionein-1 gene were transiently cotransfected into MEL
cells along with an internal reference gene (Fig. 1A). A
portion of the transfected cells was subsequently induced to
differentiate with dimethyl sulfoxide. The amount of ,B-glo-
bin-metallothionein mRNA produced by these transfected
cells was measured with an Si nuclease assay, quantitated,
and expressed as the level of transcription relative to that of
the wild type (RTL). The levels of transcripts measured in
this assay are known to reflect accurately the transcriptional
activity of the template that produced them (5).
The results of these experiments, summarized in Fig. 5,

are in good agreement with previous results for HeLa, MEL,
and 3T6 cells with the exception of those regarding the -94T
and -95A mutations (7, 12, 39). The -94T mutant gave an
RTL of 0.25 when transfected into HeLa cells in one study
and an RTL of 1.0 when transfected into 3T6 cells in another
(12, 39). In the present study, the -94T mutant resulted in
only a slight decrease in transcription. The -95A mutant
previously gave RTLs of 0.17 in HeLa cells and of 0.34 in
uninduced and 0.64 in induced MEL cells (7, 39). In this
study, mutant -95A gave nearly wild-type levels of tran-
scription. It is possible that these differences can be ex-
plained in part by different CACCC-binding activities in
different cell types. Alternatively, the discrepancy between
the results of this and previous studies could be due to some
inadvertent mutation occurring elsewhere in this construct.
All point mutant promoters used in this study were rese-
quenced and shown to have the expected sequence in the
-106 to +1 region.
Comparison of the transfection data with the point mutant

binding data shows that the binding behavior of CACCC
species A, B, and D on the point mutant promoters corre-
lates well with the transcriptional activity of those promot-
ers. CACCC species C DNA binding does not correlate with
the transcriptional activity of the point mutant templates,
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FIG. 5. Quantitated results of transfection assays. All data rep-
resent averages of a least three separate transfections except for the
induced value of mutant -89T, which is the average of two
experiments. The data for mutant -87T are from reference 7 and are
shown for comparison. RTLs were calculated as the ratio of the
OMT signal to the H4MT signal for the test plasmid relative to the
same ratio for the wild-type I3MT construct. RTLs of constructs in
induced cells were calculated relative to the wild-type ,BMT signal in
induced cells; in uninduced cells, the RTLs were calculated relative
to the wild-type 13MT signal in uninduced cells. In the experiments
reported here, dimethyl sulfoxide induction resulted in an average
increase in wild-type ,B-globin-metallothionein fusion gene tran-
script levels of 6.5-fold. (A) Data presented graphically. The se-
quence of the wild-type (WT) promoter in this region and the
positions of the mutations are shown at the bottom. -(B) Average
RTL for each construct in both induced and uninduced cells. The
standard deviation for each value is given in parentheses.

indicating that this activity is less likely to activate the
CACCC element in vivo.
CACCC species B is Spl. Other groups have suggested that

the transcriptional activator Spl can bind to the CACCC
element (17, 21, 34, 47, 55, 56). If this is true, it is possible
that Spl is responsible for activating transcription through
the 1-globin CACCC element. The results of five experi-
ments described below showed that Spl can bind to the
CACCC element.

First, we compared the abilities of unlabeled oligonucle-
otides bearing either a high-affinity Spl binding site or a
CACCC binding site to compete for binding to'the CAC1
probe (Fig. 6A). The CACCC oligonucleotide competed for
species D binding (Fig. 6A, lanes 2 to 6) at concentrations
four- to fivefold below those required for equal levels of
competition by the Spl oligonucleotide (lanes 7 to 11).
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FIG. 6. Comparison of CACD and Spl. (A) Competition assays with CACCC and Spl oligonucleotides. Mobility shift reactions with crude
nuclear extracts, 12 fmol of the CAC1 probe, and competitor DNA were assembled. These reactions included no competitor (lane 1) or a 4
(lanes 2 and 7)-, 8 (lanes 3 and 8)-, 20 (lanes 4 and 9)-, 40 (lanes 5 and 10)-, or 80 (lanes 6 and 11)-fold molar excess of competitor
oligonucleotide. (B) Mobility shift assays using the Spl, j3-globin promoter, and CAC1 probes. Mobility shift reactions were assembled with
each probe and either crude nuclear extracts of MEL cells (NE), pure Spl protein, or partially pure CACD protein, as indicated. Each
reaction contained 3 fmol of probe, and the amount of each protein used was kept constant for the three probes. Note that in lane 5, a very

faint shift comigrating with CACCC species B was seen on the original autoradiograph. (C) The indicated protein was mixed with the CACi
probe in the presence of no antiserum (-) or an immune (I) or preimmune (PI) antiserum directed against Spl. These reactions were subjected
to mobility shift analysis. MEL NE, MEL cell nuclear extract. The arrow indicates the mobility of the new, low-mobility complex observed
when an anti-Spl antiserum was included with either pure Spl or crude MEL nuclear extracts.

Species A, B, and C, on the other hand, were competed for
by concentrations of the Spl oligonucleotide four- to fivefold
below those required for equal levels of competition by the
CACCC oligonucleotide. Thus, species D binds with higher
affinity to the CACCC element than to a high-affinity Spl
binding site, whereas species A, B, and C bind with a higher
affinity to a high-affinity Spl binding site than to a CACCC
element.

Second, we purified Spl from MEL cells and directly
examined its ability to bind the CACCC probe in the mobility
shift assay. These experiments demonstrated that Spl shifts
the probe to a position identical to that of CACCC species B
(Fig. 6B; compare lanes 7 and 8).

Third, when a polyclonal anti-Spl antibody was included
in a mobility shift binding reaction with pure Spl, the
Spl-binding activity was diminished and a new, lower-
mobility binding species appeared (Fig. 6C). Preimmune
serum did not affect Spl binding in the mobility shift assay.
When the same experiment was performed with a crude
MEL nuclear extract, species B was clearly diminished and
a new, lower-mobility species appeared in the gel, presum-
ably representing a supershifted DNA-antibody-species B
complex (Fig. 6C).

Fourth, when pure Spl was used in the gel mobility shift
assay with the point mutant probes, results were similar to
those observed with CACCC species B in crude MEL
nuclear extracts (Fig. 4B). Finally, when purified Spl was
DNase I footprinted on the CACM probe, it gave a footprint
almost identical to that of the CACCC species A/B complex
(Fig. 3). In aggregate, the results of these experiments argue
that Spl in the crude MEL nuclear extract binds and retards
the mobility shift probe to give rise to CACCC species B.
While species A and C bind with higher affinity to an Spl site
than to a CACCC site, they appear to be unrelated to Spl by
the criteria of the supershift experiment.

Characterization of species D. Since species D is by far the
most prominent activity observed in a mobility shift of the

CAC1 probe with crude MEL nuclear extracts, we decided
to characterize this activity in more detail. By a combination
of conventional and site-specific DNA affinity chromatogra-
phy, we purified CACCC-binding species D approximately
3,000 fold to -1% purity and named this activity CACD.
We observed no other CACCC-binding activities in this

preparation of CACD. Nonspecific competitor DNA was not
required in mobility shifts of partially pure CACD, presum-

ably because the bulk of nonspecific DNA-binding activities
were removed during the purification procedure. The mobil-
ity of CACD in the gel shift assay, its relative binding affinity
for the point mutant probes, and its DNase I footprint were
the same as those observed for species D in the crude extract
(Fig. 4B and 6B and data not shown). The partially pure
CACD generated in this preparation was used for the re-

mainder of this work.
Comparison of CACD with species B/Spl. The similar

behaviors of CACD and species B/Spl in the footprinting
and point mutant binding assays raised the possibility that
CACD is related to Spl, perhaps as an alternately spliced or
proteolytic product of Spl. Alternatively, CACD and Spl
may have distinct but related DNA binding domains. We
compared CACD and Spl in several different assays, and in
each case, CACD appeared to differ from Spl.

First, we examined the ability of CACD to bind to an Spl
probe. Consistent with the competition experiments of Fig.
6A, we found that CACD could bind to an Spl probe,
although less efficiently than to the CAC1 probe (Fig. 6B,
lanes 3 and 9; Fig. 7A, lanes 9 and 13). Conversely, Spl
protein bound to the CAC1 probe, but less efficiently than it
bound to the Spl probe (Fig. 6B, lanes 2 and 8; Fig. 7A,
lanes 1 and 5).

Second, immunoblot analysis of the most purified frac-
tions of CACD did not show cross-reactivity to either of two
polyclonal anti-Spl antibodies (one of which is an antipep-
tide antibody directed against finger 2 of the Spl DNA
binding domain; Fig. 7B and data not shown). Third, these

A

Competitor:
M

A
B
C-
Dr

MOL. CELL. BIOL.



DISCRIMINATION AMONG 1-GLOBIN CACCC ELEMENT ACTIVATORS 51

A Proteinase K

1 2 3 4 5 6 7 8 9 10 111213 14 15 16

SPI

- CACD

Probe: SPI CACI SPi CACI

I.

Protein: SPI CACD

B CD

0 0

SPI NE

:D D7o0) 0)

SPI CACD

(kDa)

200

Pre Immune Ab Anti-SP1
FIG. 7. (A) Proteolytic clipping band shift assay of Spl and

CACD protein. Mobility shift reactions using the indicated probes
were assembled with either pure Spl (lanes 1 to 8) or partially pure
CACD (lanes 9 to 16). The protein in these reactions had been
treated with proteinase K for 0 (lanes 1, 5, 9, and 13), 2 (lanes 2, 6,
10, and 14), 5 (lanes 3, 7, 11, and 15), or 10 (lanes 4, 8, 12, and 16)
min prior to being assayed by mobility shift. Similar amounts of
protein were assayed at each time point except for the no-treatment
samples, which contained approximately 60% as much protein as
did the other samples. (B) Immunoblot analysis of Spl and CACD.
The indicated amounts of MEL nuclear extracts (NE), Spl protein,
and CACD protein were separated on an SDS-10% gel, transferred
to nitrocellulose, and probed with an antiserum (2892) directed
against Spl or a preimmune serum (Pre Immune Ab). Given the
amount of CACD-binding activity present in the fractions blotted
and our estimate that CACD is a 44-kDa protein (23a), a minimum of
15 ng of CACD was used in this experiment. Immunoblots using
antiserum 2990 gave similar results (data not shown).

anti-Spl antisera did not supershift CACD when included in
the mobility shift assay (Fig. 6C).
Our fourth approach for comparing CACD and Spl was to

use the proteolytic clipping band shift assay (45). In this
assay, proteins are subjected to gentle protease treatment
before being used in the mobility shift assay. If portions of
the protein not essential for DNA binding are removed, then
the mobility of the resulting DNA-protein complex will be
greater than that of the intact protein. By subjecting both
Spl and CACD to proteinase K for various times and then
observing their mobility shifts, we examined whether these
proteins showed similar sensitivities to protease and whether
their patterns of proteolytic products still active for DNA

binding were similar. Spl and CACD differed substantially in
this assay (Fig. 7A). Spl was relatively sensitive to protein-
ase K treatment and produced only one fragment of higher
mobility. CACD gave rise to several fragments of higher
mobility, and the relative abundance of these fragments
suggests that they were produced stoichiometrically from
the intact protein.

Selection of binding sites for CACD. Because we had tested
CACD binding only on the Spl, CAC1, and promoter
probes, we did not know whether sites with a higher affinity
for the CACD protein existed. Therefore, CACD was sub-
jected to a site selection procedure (3). An oligonucleotide
containing 21 random internal nucleotides and defined flank-
ing sequences that serve as primer binding sites was used to
make a pool of random, double-stranded 32P-labeled probe
molecules. This random probe pool was used in mobility
shift assays with the most purified fractions of CACD.
DNA-protein complexes migrating with the same mobility as
the CACD-CAC1 complex were eluted from the gel, PCR
amplified, 32p labeled, and subjected to subsequent rounds
of selection. By using low concentrations of CACD and
standard CACD binding conditions and by decreasing the
amount of PCR-amplified DNA probe used in later rounds of
selection, we hoped to select for high-affinity CACD binding
sites. After five rounds of selection, the PCR products were
cloned and the sequences of 22 individual clones were
determined.
Of the 22 clones, 16 contained sequences that matched the

sequence CCACACCC at six or more of these eight nucle-
otides (Fig. 8). These sequences were aligned by their
CACCC element homology, and the frequency of individual
nucleotides occurring at each position of this alignment was
determined. Overall, a consensus sequence, ANCCACAC-
CCAT (N = any nucleotide), emerges from these data. Of
the other six clones sequenced, three of them, 1, 8, and 22,
have a five-of-eight-base match to the sequence CCAC
ACCC and show more extensive homology among them-
selves. The other three clones do not match the consensus
and may represent contaminating PCR products or se-
quences with a low but greater than nonspecific affinity for
the CACD activity.
The results of the selection experiment suggest that the

primary determinant of CACD binding affinity is the con-
served sequence CCACACCC. In addition, an AT dinucle-
otide (corresponding to positions -86 and -85) was com-
monly recovered at the 3' end of the consensus sequence and
might also contribute to binding affinity. The -85A point
mutant probe was bound by CACCC species A to D as
efficiently as was the wild-type promoter (Fig. 4), but muta-
tions -85T and -86A, which change the wild-type promoter
to the consensus sequence, had not been tested. We there-
fore made a -86A/-85T double-mutant oligonucleotide that
was otherwise identical to the CACCC oligonucleotide used
in the competition assays. We found that it competed for
CACD binding at half the concentration required by the
wild-type oligonucleotide, indicating that the -86A/-85T
mutation results in higher-affinity CACD DNA binding (data
not shown). Finally, site selection experiments similar to
those described above, in which the starting oligonucleotide
was fixed as NNNNNCNNCACCCNNN, returned the se-
quence cNNNaCCACACCCa/ttt (lowercase letters indicate
a lower but still nonrandom frequency of occurrence and N
indicates a random nucleotide; data not shown), again con-
sistent with the idea that the primary determinant of CACD
binding affinity is the sequence of the core conserved se-
quence found in the ,B-globin promoters.
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GAATTCCTACAG TGCAATGGATCCGTCT

CLONE
a

AGAG
CLONEa
2 GAATTCCTACAGCGAA
3 AGACGGATCCATTGCATCGGGT
5 GAATTCCTACAGG
6 GAATTCCTACAGGC
7 GAATTCCTACAGC
9 AGACGGATCCATTGCACAGAGACCCG
11 AGACGGATCCATTGCATGGGAGA
13 AGACGGATCCATTGCACAACGG
16 AGACGGATCCATTGCAGATTGTGT
20 GAATTCCTACAGGC
22 GAATTCCTACAGC
23 AGACGGATCCATTGCA
25 GAATTCCTACAGCGAA
27 AGACGGATCCATTGCATAACCATGATATGT
28 GAATTCCTACAG
29 GAATTCCTACAGTCCGGGTGGGG
29 (rev.) AGACGGATCCATTGCACTGGATGCGG

ICCACACCC TGG = WT BETA GLOBIN SEQUENCE

CCACCGCC
CCGCGCCC
CACACCC
AACACCC
CACACCT
CCACACCC
ACACACCC
CCACGCCC
ACCACGCC
AACACCC
qAACGCCC
CCACGCCC
qCACGCCC
-CACGCCC
CCCACCC
CGCATCC
CCCCACCC

ATTGCAATGTGCAATGGATCCGTCT
ATCGTCCCTGTAGGAATTC
ATTTAAAGGTAGTGCAATGGATCCGTCT
ATGATCCATCATGCAATGGATCCGTCT
ATTTTAGGGAGGTGCAATGGATCCGTCT
GTGCTGTAGGAATTC
ATATGGCTGTAGGAATTC
TTCATCGCTGTAGGAATTC
TTATGCTGTAGGAATTC
ATGATCCATCATGCAATGGATCCGTCT
TGCGCTACATGTGCAATGGATCCGTCT
CAACCTTATTGGCCTGTAGGAATTC
ATTGCAATGTGCAATGGATCCG
TGTAGGAATTC
AGGAGACGCGCTATGCAATGGATCCGTCT
AGTGCAATGGATCCGTCT
GGACTGTAGGAATTC

FREQUENCY OF INDIVIDUAL NUCLEOTIDES OCCURRING IN ALIGNED SEQUENCES

A G AG C C A C A C C C T G G T A A
G 5 7 12 6 2 6 2 2 5 4 5 4
A 5 4 3 4 2 3 12 1 9 10 1 4 5 1
T 1 2 3 1 1 4 11 6 4 7
C 6 4 2 4 15 14 3 16 2 14 17 16 1 3 3 5

CONSENSUS N N a N C C a C a C C C a t N N t N

B

31 GAATTCCTACAG CACAGTTAACGGCCATGTTAG TGCAATGGATCCGTCT
33 GAATTCCTACAG GCAAGCAGAGGCATGTCCTTA TGCAATGGATCCGTCT

1 GAATTCCTACAG TGGGCGTATCCCGATCCCTTG TGCAATGGATCCGTCT
8 GAATTCCTACAG GCCATGTAGAGGGGCGTATCC TGCAATGGATCCGTCT
21 GAATTCCTACAG GCCGAGTTTGGGCGTTACCTGG TGCAATGGATCCGTCT
24 GAATTCCTACAG CCCAGTTGATCGTTATCCGAC TGCAATGGATCCGTCT

FIG. 8. Site selection data. (A) Sequences aligned according to their homology with the I3-globin CACCC sequence. Note that some of the
sequences vary in length from the starting oligonucleotide, presumably, because of misincorporation of nucleotides by Taq DNA polymerase.
(B) Sequences of site selection products with a less than six-of-eight-base match to the sequence CCACACCC.

DISCUSSION

Several common activities can bind the CACCC element. To
identify potential transcription factors acting through the
CACCC element, we employed a gel shift assay using MEL
nuclear extracts and a short probe containing the conserved
CACCC sequence. This assay identified at least four activi-
ties that bind the CACCC element in a specific manner,
species A, B, C, and D, with species D binding most tightly.
Furthermore, these four activities exhibited extremely sim-
ilar DNase I footprints (Fig. 3) and, in a dimethyl sulfate
interference assay, identical binding characteristics (23a).
CACCC species B is Spl. With use of purified Spl protein

in gel shifts with the CAC1 probe, the Spl-CAC1 complex
migrated with the same mobility as did CACCC species B in
native gels. Species B and Spl also behaved similarly in
binding competition experiments. When either of two anti-
Spl antibodies was included in mobility shift binding reac-
tions with crude MEL extracts, species B was specifically
abolished and a new, lower-mobility band appeared. There-
fore, we conclude that CACCC species B contains Spl.
Although species A and C behaved similarly to species B

in competition assays and exhibited DNase I footprints
nearly identical to that of Spl, they were not reproducibly
perturbed by anti-Spl antisera in the supershift assay. Oc-
casionally, CACCC species A, C, and D were perturbed
when Spl antisera were included in mobility shift reactions
(Fig. 6C). However, these other interactions also occurred

with preimmune serum, suggesting that they were not the
result of specific antigen-antibody interactions.
What activity is responsible for transcriptional activation of
3-globin through the CACCC element? One phenotype ex-

pected of mutations in the binding site of a transcriptional
activator is that those mutations that prevent the activator
from binding DNA should decrease the activity of the linked
promoter. Although it is possible that mutations in the
CACCC element can decrease 3-globin transcription by
some other mechanism, we felt that at least some mutations
were likely to exert their effects in this manner. Starting with
the assumption that the mobility shift assay, as performed
here, allows examination of any CACCC-binding activity
relevant to the activity of the ,B-globin promoter, we develop
the following model of CACCC element function.
The transcription levels observed for the most deleterious

mutations are approximately the same as those seen when
the entire CACCC element is deleted (12) or when a series of
four clustered point mutations is introduced into the CACCC
element (49a). Therefore, the data in Fig. 5 are consistent
with the idea that a severe, single point mutation in the
CACCC element can abolish all activity normally directed
by this cis sequence. Because none of the point mutations in
the CACCC element that decreased transcription also de-
creased binding of CACCC species C, this activity is un-
likely to be responsible for activation of 0-globin transcrip-
tion. Spl and CACCC species A and D are all candidate

A
OLIGO

MOL. CELL. BIOL.



DISCRIMINATION AMONG I-GLOBIN CACCC ELEMENT ACTIVATORS 53

activators since their relative binding affinities for the point
mutant promoters correlate well with the transcriptional
activities of these promoters in the transfection assay. How-
ever, the few exceptions to this last statement are potentially
instructive.
Mutants -94T and -95A, which bound wild-type levels of

species D and low levels of Spl and species A, were
transcribed at nearly wild-type levels. One model that would
account for this observation is that species D normally binds
the CACCC element in vivo and activates transcription of
the 3-globin gene. Therefore, CACCC element mutations
that do not affect species D binding, such as -94T and
-95A, would not affect 0-globin transcription. Mutant
-92C/-93T, which was transcribed at nearly wild-type
levels, bound low levels of species D, wild-type levels of
Spl, and increased amounts of species A and C. Thus, this
mutant CACCC element would be less likely to use CACD
as a transactivator in vivo. These data can be incorporated
into our model by assuming that some other factor, perhaps
Spl or species A, compensates for the loss of affinity for
species D in the -92C/93T mutant by binding the mutant
CACCC element and activating transcription. Indeed, this
type of CACCC element has been shown to confer Spl
responsiveness on a linked promoter in vivo (21). Since the
-92C/-93T mutation creates a CACCC element of the type
found in fetal and embryonic globin genes as well as the a-
and,3-globin locus control regions, this result suggests that
more than one CACCC-binding protein may regulate tran-
scription of the different globin genes in vivo (42, 48).

Finally, this model is consistent with the data derived from
various cases of 1-thalassemia in humans. Mutations -87 C
to T (equivalent to -88T in the mouse promoter) and -88 C
to T (-89T in the mouse promoter) both result in reduced
,B-globin transcription in vivo and hence cause 3-thalassemia
(32, 40). Each of these mutations bound reduced amounts of
CACD in vitro (Fig. 4B) and was transcribed at reduced
levels in MEL cells (Fig. 5). This finding is in accordance
with our original assumption that mutations in the CACCC
element that affect f-globin transcription would exert their
affects by disrupting protein-DNA interactions. Two other
human mutations, -101 C to T and -87 C to G, that cause
1-thalassemia were not tested in this study (18, 51).
Because CACCC species A bound promoter probes only

when both CACD and Spl also bound, we cannot say that
CACCC species A is sufficient for transcription. However,
because several mutations appear to abolish CACCC species
A binding without affecting transcription, species A must not
be necessary for transcription. Because it is less abundant
than CACD and because we have not characterized it
extensively, we shall not consider it further in this discus-
sion.
One mutation, -90T, results in decreased 3-globin tran-

scription, yet it binds significant amounts of Spl, CACD,
and species A. It is possible that this mutation affects
transcription by altering interactions of an activator with the
rest of the transcriptional machinery rather than by prevent-
ing the activator from binding to its DNA site.

Finally, if our initial assumption is incorrect and our in
vitro assay does not detect all relevant protein-DNA inter-
actions at the CACCC element, then the model presented
above may be incorrect. To test this possibility, any candi-
date activator of the CACCC element must be specifically
depleted from a cell or cell extract and be shown to be
required for 0-globin transcription.
The CACCC element is a high-affinity target of CACD.

From the analysis presented above, we conclude that Spl, a

known activator of transcription, can probably stimulate
transcription from the,B-globin promoter but that it is neither
the only nor the primary activity that provides this function.
To further assess the role of CACD in 3-globin transcription,
a site selection experiment to find high-affinity CACD bind-
ing sites was performed. These experiments were performed
with a partially purified preparation of CACD. Thus, it is
possible that multiple entities rather than a single entity was
assayed in the selection experiment. By separating free and
bound DNA on a mobility shift gel, we were able to select for
DNA sequences that were bound and shifted to the same
mobility as the CAC1 probe is shifted by the CACD activity.
Furthermore, because the site selection experiment was
performed with binding conditions identical to those used to
assay CACD throughout this study, we selected for high-
affinity DNA-protein interactions under conditions in which
CACD normally binds the CAC1 probe with high affinity.
Thus, although CACD has not been purified to homogeneity,
the site selection experiment was performed under condi-
tions in which the CACD activity appears to be homoge-
neous. Even if our CACD preparation is composed of
multiple species, the following minimal statement can still be
made about the results of the site selection experiment: the
proteins that make up the activity that we have named
CACD share a common high-affinity binding sequence,
ANCCACACCCAT. This site is nearly identical to the site
that naturally occurs in the mouse ,B-globin promoter. The
site selection experiment also showed that the -86A/85T
mutation slightly increases affinity for CACD. Whether or
not this mutation has any functional consequence remains to
be determined.
The CACCC elements of the adult ,B-globin-like genes are

most likely conserved across species as a result of an
evolutionary selection for a high-affinity binding site for a
protein that prefers to bind to the sequence CCACACCC.
This argument predicts that positions that are less well
conserved among CACCC elements should be less important
both for binding of the activator protein and for transcription
of the 3-globin promoter; this is what we observed for
binding of CACD to promoters with the -92C mutation.
Although the -92T mutation reduces DNA binding and
transcription, this finding is not inconsistent with our argu-
ment since the upstream, duplicated CACCC element of the
human, which has a -92T type of sequence, makes only a
modest contribution to ,B-globin transcription in comparison
with the downstream CACCC element (Table 1) (12, 18, 43).

It is formally possible that Spl provides all transactivation
functions through the CACCC element. However, although
Spl appears to be able to function through the CACCC
element, its binding to the mouse 3-major CACCC element
is weak compared with its affinity for a consensus Spl site or
compared with the affinity of CACD for the 1-globin CACCC
site (compare the binding of these proteins to their cognate
and heterologous sites in Fig. 6B and 7A). Site selection
experiments similar to the ones described here have been
performed with Spl and defined a consensus high-affinity
binding site, GGGGCGGGGT, that is different from the
CACCC element (50). If Spl normally functions through the
CACCC element, it is hard to understand why higher-affinity
consensus Spl sites are not found in the 3-globin-like
promoters. If low-affinity Spl binding at this position were
important, then, by the arguments given above, lower levels
of sequence conservation in the CACCC elements of the
13-globin-like promoters would be expected. Another piece
of evidence that argues that CACCC and Spl binding sites
are functionally distinct, and therefore likely to be the
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targets of different proteins, comes from the work of Wang
and Gralla (53). When testing the ability of promoter-proxi-
mal elements to interact with remote enhancer-type ele-
ments, they found that CACCC and Spl sites behaved quite
differently even when compared in nearly identical contexts.
This finding suggests that CACCC and Spl sites are the
targets of different transcriptional activators with distinct
functions. On the basis of the arguments presented above,
we believe that the CACCC element represents a high-
affinity protein binding site and, on the strength of the site
selection result and the correlation of CACD binding to and
the transcriptional activity of the point mutant promoters,
that this element is a target for the CACD protein.
The problem of multiple proteins binding to a single DNA

sequence element is one of general significance (26). Many
DNA-binding proteins are members of families that have
similar DNA-binding domains and sequence specificities.
For example, different homeodomain proteins of Drosophila
melanogaster can bind to very similar sites in vitro, yet
genetic data show that they act at different sites in vivo (24).
Nevertheless, the relative affinity differences between home-
odomain proteins for a particular binding site can be a good
predictor of which protein(s) will act on the binding site in
vivo (11). The site selection procedure as used here provides
an avenue for inferring what protein or proteins are most
likely to operate through a particular site in vivo.
A potential problem with this approach is that the DNA

binding specificities of some proteins are influenced by
cooperative interactions with other proteins. This is true for
the yeast homeodomain protein a2 (19, 30). The a2 protein's
DNA binding specificity is determined in part by its ability to
interact cooperatively with either of two proteins, MCM1 or
al. In this situation, the site selection procedure would be of
use only if the protein-protein interaction that occurred in
vivo was recognized and reproduced in vitro. Mutations near
a protein's DNA binding site that decrease transcription but
do not affect its binding in vitro may be indicative of such an
in vivo protein-protein cooperative interaction. Thus, a
prerequisite for using the site selection assay to discriminate
between potential activators is a thorough understanding of
the binding site of interest and the functional consequences
of mutations in or around the site. In the case of the 3-globin
CACCC element, mutations at positions flanking the
CACCC element have no effect on transcription (7, 39).
Also, CACD has similar affinities for the CAC1 and 3-globin
promoter probes (Fig. 6B; compare lanes 4 and 7). These
results are consistent with the model that the protein that
binds the CACCC element does so independently of proteins
binding other cis sequences in the P-globin promoter.

Role of the CACCC element in transcription. In the trans-
fection experiments presented in Fig. 5, the effects of
CACCC element mutations were the same in uninduced and
induced MEL cells. In contrast to a previous study, we
found no evidence for an inducible CACCC-binding activity
in extracts of induced MEL cells (23a, 35). Also, when
nuclear extracts were prepared from MEL cells that had
been induced to differentiate for various periods of time, the
relative amount of CACCC-binding activities increased, but
only slightly (23a). These data are consistent with the idea
that the CACCC element mediates the effects of a factor that
provides activation functions not specific to terminally dif-
ferentiating MEL cells. Likewise, the presence of CACCC-
binding factors and the activity of CACCC elements in
nonerythroid cells suggest that CACCC-binding transcrip-
tion factors are widely distributed among tissues (9, 22, 23a,
35, 55).

CACD. Several groups have described DNA-binding ac-
tivities that are similar in sequence specificity and mobility in
the mobility shift assay to CACD. However, these activities,
which include TEF-2 and AP3 (8, 38, 55), have not been
described in detail. The proteolytic clipping band shift assay
(Fig. 7A) shows that CACD has a protein component that
can be partially degraded and still retain its DNA-binding
activity. We have found that the DNA-binding activity of
CACD is inhibited by chelators of divalent cations and that
low concentrations of zinc can restore binding activity (23a).
The zinc-dependent DNA-binding activity of CACD is rem-
iniscent of that demonstrated for several zinc finger proteins,
including Spl and an activity, likely to be Spl, that binds the
chicken CACCC element (28, 34).
Given the similarity of Spl and CACD biochemical and

DNA-binding properties, it seemed possible that CACD is
related to Spl, possibly via an alternate splice of the Spl
mRNA or by proteolysis of the 92.5-kDa Spl protein to
produce the smaller CACD protein. However, alternate
forms of the Spl cDNA have not been reported, its mRNA
appears to be a single species on Northern (RNA) blots, and
low-stringency Southern blots fail to reveal Spl homologs
(28, 44). Furthermore, by four experimental criteria pre-
sented here, relative affinities for their DNA binding sites,
immunoblot analysis, supershift analysis, and protease clip-
ping, Spl and CACD appear to be unrelated. Further evi-
dence suggesting that Spl and CACD are different entities
includes their divergent chromatographic behaviors on both
wheat germ agglutinin and site-specific DNA affinity col-
umns (23a). While these results do not rule out the possibility
that CACD is related to Spl by an alternate splice or
proteolytic event, they make it unlikely. We believe it likely
that CACD, like Spl, is a member of the Cys2-His2 zinc
finger protein family but is only distantly related to Spl.

In conclusion, we characterized four CACCC-binding
activities that occur in MEL cell nuclear extracts. By
correlating the ability of these activities to bind to mutant
promoters with the ability of the mutant promoters to
activate transcription, we found that two activities, CACD
and Spl, are likely activators of the 0-globin CACCC
element. We subsequently used a site selection experiment
to determine the high-affinity sites for CACD. This experi-
ment gave the surprising result that CACD's high-affinity
sites are nearly identical to that of the ,-globin CACCC
element.
We suggest that these experiments illustrate a general

methodology for discriminating between potential activators
of a single cis element. Observation of the effects of muta-
tions in and around a cis element allows determination of its
extent in a functional sense. Binding studies using the same
mutant sites allow one to search for proteins with binding
properties consistent with those suggested by the functional
studies. If more than one candidate activator remains at this
point, the site selection assay can be used to determine the
preferred high-affinity sites of the candidate activators. Ad-
ditionally, this assay will reveal the variations in the high-
affinity site that still allow DNA binding. These data can be
used in conjunction with the functional studies to identify the
activity(ies) that has the properties expected of the in vivo
activator.
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