
Vol. 11, No. 4MOLECULAR AND CELLULAR BIOLOGY, Apr. 1991, p. 1935-1943
0270-7306/91/041935-09$02.00/0
Copyright C 1991, American Society for Microbiology

Synergistic Activation of a Human Promoter In Vivo by
Transcription Factor Spl

G. MARK ANDERSON AND SVEND 0. FREYTAG*

Molecular Biology Research Program, Henry Ford Hospital, Detroit, Michigan 48202, and Department ofBiological
Chemistry, University of Michigan, Ann Arbor, Michigan 48109

Received 13 August 1990/Accepted 3 January 1991

Many eucaryotic promoters contain multiple binding sites for sequence-specific DNA-binding proteins. In
some cases, these proteins have been shown to interact synergistically to activate transcription. In this study,
we address the possibility that the transcription factor Spl can synergistically activate a native human
promoter in a cellular context that closely resembles that of a single-copy gene. Using DNase I footprinting with
affinity-purified Spl, we show that the human argininosuccinate synthetase (AS) promoter contains three sites
that bind Spl with different affinities. These binding sites were mutated to abolish Spl binding, individually
and in all possible combinations, to generate a series of AS promoter-chloramphenicol acetyltransferase (CAT)
expression constructs. Mutations designed to increase Spl binding were also introduced at each site. The in vivo
transcriptional activity of these mutant AS promoter-CAT constructs was then measured in stably transfected
human RPMI 2650 cell lines. Our results show that each of the three Spl-binding sites contributes to full
activation of the human AS promoter and that the relative contribution of each site correlates well with its in
vitro affinity for Spl. More importantly, we find that the three Spl-binding sites when present in the same

promoter activate transcription to a level that is 8 times greater than would be expected given their individual
activities in the absence of the other two sites. Thus, we provide direct evidence that Spl-binding sites in their
native context in a human promoter can interact synergistically in vivo to activate transcription. The ability to
activate transcription synergistically may be the reason that many cellular promoters have multiple Spl-
binding sites arranged in tandem and in close proximity.

Regulation of transcription initiation by RNA polymerase
II is an important means by which living cells produce
specific pattems of gene expression. Although many of the
molecular details remain to be elucidated, it is clear that
sequence-specific DNA-binding proteins play a critical role
in transcriptional control. Recently, numerous proteins that
increase the rate of transcription initiation (activators) have
been isolated and characterized. A common feature of
eucaryotic transcriptional activators is that they often con-
tain two domains that are essential for biological activity (29,
32). These domains have been shown to be structurally and
functionally separable. One domain, the DNA-binding do-
main, targets the protein to a specific DNA sequence and
allows for the selective activation of gene transcription. A
second transcriptional activation domain can function inde-
pendently of the DNA-binding domain. Several classes of
activation domains have been identified, and it is believed
that such domains function by making essential contacts
with RNA polymerase II, with other sequence-specific
DNA-binding proteins, or with proteins that are part of the
general transcription machinery.
A common theme has also emerged regarding the struc-

ture of transcriptional control regions in eucaryotic genes.
One feature that is characteristic of eucaryotic promoters is
that they often contain multiple binding sites for the same, or
for several different, sequence-specific DNA-binding pro-
teins. These binding sites are usually located within several
hundred base pairs of the transcription initiation site and,
when identical, are often evenly spaced in a tandem array.
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Examples of this are the simian virus 40 (SV40) early
promoter (12), the mouse dihydrofolate reductase promoter
(10), the human Ha-c-ras promoter (18), and the human
immunodeficiency virus promoter (17, 19). The presence of
multiple factor-binding sites raises the possibility that their
effects on transcription are additive or even synergistic.
Indeed, synergistic activation has been observed between
different cis-acting elements as well as between identical
cis-acting elements within a single promoter (3, 6, 26, 34, 35).
This synergism suggests that protein-protein interactions
between factors, either directly or through intermediary
proteins, are important for transcriptional activation (3, 26).
The studies cited above showed very clearly, with use of

artificial combinations of cis-acting sequences, that a variety
of transcription factors are capable of synergistic interac-
tions. In this study, we investigate whether the transcription
factor Spl does in fact synergistically activate a native
human promoter in a cellular context that closely resembles
that of the endogenous gene. Spl was one of the first
mammalian transcriptional activators to be described, and it
binds specifically to a G+C-rich sequence found in many
viral and cellular promoters (7, 11, 20). Such promoters
usually contain multiple Spl-binding sites, suggesting that
interactions between these sites may be important for tran-
scriptional activation. In this study, we show by DNase I
footprinting that the human argininosuccinate synthetase
(AS) promoter contains multiple proximal Spl-binding sites.
We have performed a thorough mutational analysis of these
Spl-binding sites and have measured their effects on tran-
scription in vivo with stably transfected genes. Our studies
provide the first direct evidence that in their native context,
Spl-binding sites can interact synergistically in vivo to
activate transcription.
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MATERIALS AND METHODS

Plasmids, cell culture, and DNA transfections. pmgAS-6
was derived from pmgAS-10 (1) and differs as follows: the
HindIII site joining exon 4 of the human AS gene to the
chloramphenicol acetyltransferase (CAT) gene and the
BamHI site 3' to the CAT gene were removed. In addition,
a 91-bp NcoI-StuI fragment from pSV2cat (16), which con-
tains the SV40 origin of replication core, was cloned into the
NdeI site upstream of human AS promoter sequences. The
SV40 origin was included to allow for replication of these
plasmids in COS-7 cells and did not interfere with the
analyses reported here. RPMI 2650 (ATCC CCL 30) cells
were grown in Dulbecco modified Eagle medium supple-
mented with 10 mM N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES; pH 7.4), 2 mM glutamine, 100
jig of streptomycin sulfate and 100 U of penicillin per ml, and
10% (vol/vol) fetal bovine serum (growth medium). Cells
were grown in a humidified incubator in an atmosphere of
90% air and 10% CO2. Plasmid DNA transfections were
performed by the CaPO4 precipitation method of Parker and
Stark (30), with the following modifications. Approximately
106 cells were plated into culture dishes (90-mm diameter) 1
day prior to transfection. On the following day, the growth
medium was replaced, and 3 h later the CaPO4-DNA precip-
itate containing S jig of pSV2hygro and 25 jig of the test
plasmid was applied to the cells. DNA precipitates were left
on the cells overnight, and the next day cell monolayers
were rinsed once with Dulbecco modified Eagle medium and
then incubated in growth medium containing 400 jig of
hygromycin B per ml (selective medium). The selective
medium was changed every 3 days. After a period of 3
weeks, the number of hygromycin-resistant colonies for
each transfection was recorded, and pooled cell lines were

generated following trypsinization.
Southern (DNA) blotting. High-molecular-weight genomic

DNA was isolated from pooled cell lines by lysing cells in a
solution of 10 mM Tris-HCl (pH 7.9)-i mM EDTA-0.5%
sodium dodecyl sulfate (SDS), followed by digestion with 1
mg of proteinase K per ml at 37°C overnight. Samples were
extracted three times with phenol and once with chloroform
and were then dialyzed overnight against a solution of 10
mM Tris-HCl (pH 7.4)-0.1 M NaCl-1 mM EDTA. Restric-
tion digests were performed at 37°C for 16 h, using 5 jig of
genomic DNA and 50 U each ofBamHI and EcoRI. Restric-
tion digests were subjected to electrophoresis in 1% agarose,
and the DNA was transferred to a filter (Gene Screen;
DuPont) by standard procedures. Prehybridization was per-
formed overnight at 65°C in 1 M NaCl-10% (wt/vol) dextran
sulfate-1% SDS-100 jig of denatured salmon sperm DNA
per ml. Hybridizations were performed for 24 h under
identical conditions but included 5 x 105 cpm of a [32P]DNA
probe per ml. Following hybridization, filters were washed
once in 2 x SSC (lx SSC is 0.015 mM sodium citrate plus
0.15 M NaCl, pH 7.0) at room temperature, once in lx
SSC-1% SDS at 650C, and twice in 0.5x SSC-1% SDS at
650C. Filters were subjected to autoradiography, and the
amount of radioactivity in each band was quantified with a

Betagen detector.
CAT assays. CAT assays were performed as previously

described (16). All assay mixtures contained equal amounts
of cellular protein. The activity of all radioactive species was
quantified with a Betagen detector and expressed as a

percent conversion of the ['4C]chloramphenicol substrate.
The individual contributions of each Spl site independent of
the other two sites are represented by the CAT activities of

mutants 2-3- (site 1), 1-3- (site 2), and 1-2- (site 3). The
individual contributions of all Spl sites were summed and
expressed relative to the activity of the wild-type AS pro-
moter (100%).
DNase I footprinting analysis. DNase I footprinting reac-

tions were performed according to a protocol kindly pro-
vided by Al Courey. The Spl DNA-binding reaction was
performed in a total volume of 25 Iul containing 25 mM
HEPES (pH 7.5), 100 mM KCl, 20% (vol/vol) glycerol, 0.1%
(vol/vol) Nonidet P-40, 10 jiM ZnSO4, 1 mM dithiothreitol,
15,000 cpm (4,000 cpm/fmol) of [32P]DNA, and 10 to 20 ng of
affinity-purified human Spl from HeLa cells (gift of A.
Courey and R. Tjian). Samples were preincubated on ice for
15 min, 50 jil of 10 mM MgCl2-5 mM CaCl2 was added, the
mixture was incubated at room temperature for 1 min, and
then 1 ,ul of a stock DNase I (Worthington) solution was
added to a give final concentration of 0.5 to 1.25 ,ug/ml.
DNase I digestion proceeded at room temperature for 1 min,
and the reaction was stopped by the addition of 90 jil of 20
mM EDTA-1% SDS-0.2 M NaCl-250 jig of yeast tRNA per
ml. Samples were extracted with a mixture of phenol-
chloroform (1:1), and the nucleic acid was concentrated by
ethanol precipitation. Following centrifugation, the nucleic
acid pellet was washed once with cold 70% ethanol, dried
under vacuum, and resuspended in 5 ,ul of loading buffer
containing 80% formamide. Samples were heated to 100°C
for 3 min and subjected to electrophoresis in an 8% poly-
acrylamide sequencing gel.
DNA binding-gel electrophoresis assays. RPMI 2650 nu-

clear extracts were prepared by the method of Dignam et al.
(9). Complementary 30-bp oligonucleotides representing
each Spl-binding site in the human AS promoter were
annealed and 5' end labeled with [_-32P]ATP and T4 poly-
nucleotide kinase by standard procedures (27). Binding
reactions were performed by preincubating 1 to 5 jig of
nuclear extract protein in 20 mM HEPES (pH 7.5)-60 mM
KCl-1 mM MgCl2-0.1 mM EDTA-12% glycerol-0.5 mM
dithiothreitol-2 jig of poly(dI-dC) on ice for 10 min, followed
by addition of the double-stranded 32P-oligonucleotide and a
second incubation on ice for 20 min. Samples were loaded
directly onto nondenaturing 4% polyacrylamide gels (29:1
acrylamide to bisacrylamide) prepared in 45 mM Tris-bo-
rate-45 mM boric acid-0.1 mM EDTA (0.5x TBE). Electro-
phoresis was performed at room temperature for 3 to 4 h at
a current of 15 mA. DNA binding assays using purified Spl
were performed as described above except that reactions
contained approximately 1 to 2 ng of purified protein, 10 jig
of bovine serum albumin as carrier, and no poly(dI-dC).
Where indicated, 0.5 ,il of rabbit anti-human Spl antiserum
(gift of S. Jackson and R. Tjian), or the corresponding
preimmune serum, was added to the binding reaction prior to
addition of the double-stranded 32P-oligonucleotide.

Site-directed mutagenesis. Site-directed mutagenesis was
performed by using a commercially available kit (United
States Biochemical) that is based on the method of Kunkel
(24). The single-stranded M13 mpl8 DNA template used for
the mutagenesis contained approximately 500 bp of human
AS sequence which spans from base -150 to approximately
base +350 in the human AS gene. These sequences were
cloned into the M13 mpl8 replicative form on a 500-bp
HindIII-BamHI fragment taken from pmgAS-6 (Fig. 1A).
Mutants were identified by DNA sequencing according to
the dideoxynucleotide chain termination method. A 500-bp
HindIII-BamHI restriction fragment containing the site-
directed mutations was excised from the M13 mpl8 replica-
tive form, and mutant fragments were cloned between the
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FIG. 1. (A) Structure of parental plasmid pmgAS-6. The large
solid box represents the CAT gene; the hatched boxes represent
sequences from exons 1 and 4 of the human AS gene; the thin line
between the hatched boxes represents a hybrid intron formed
between introns 1 and 3 of the human AS gene (1). The position of
the human AS promoter is indicated. Spl-binding sites are repre-
sented by the small solid boxes, and the TATA box is represented
by the small open box. Restriction sites: B, BamHI; Bs, BstEII; E,
EcoRI; H, HindIll; N, NdeI. (B) Sequence of the human AS
promoter. +1 indicates the transcription initiation site. Potential
Spl-binding sites and the TATA box are underlined. The arrows
indicate the orientation of each potential Spl-binding site relative to
the direction of transcription. Mutant Spl sites are shown below the
wild-type sequence, with the base changes underlined. Promoter
and exon sequences are in uppercase; intron sequences are in
lowercase.

HindlIl and BamHI sites of pmgAS-6 following removal of
the wild-type fragment.

RESULTS

Spl footprinting of the human AS promoter. To examine
whether activation of transcription by Spl in human cells is
synergistic, we constructed an expression plasmid driven by
the human AS promoter. The AS promoter is well suited for
these experiments since it contains multiple Spl-binding
sites yet is simpler than other viral or cellular promoters (25,
28). This simplicity facilitated an analysis of the role of
specific cis-acting elements in transcription in vivo without
the interference of other overlapping elements. The parental
plasmid used in these experiments is shown schematically in
Fig. 1A. pmgAS-6 contains 150 bp of the human AS pro-
moter driving the expression of the bacterial CAT gene. We
previously showed that only 150 bp of the human AS
promoter was required to give efficient expression in human
cells (1). The human AS promoter is extremely G+C rich
(76%) and contains four motifs that closely resemble the
10-bp consensus binding site ([GIT][G/A]GGC[G/T]G[G/
A][G/A][CFT]; 2) for Spl (Fig. 1B). Site 1 (-114 to -105)
matches the consensus sequence except for one mismatch in
the sixth position (-109), in which a C is substituted for the
preferred G. Site 2 (-101 to -92) matches the consensus
sequence perfectly and is identical to a previously charac-
terized Spl-binding site (20). Site 2 was shown to be of
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FIG. 2. DNase I footprinting of the human AS promoter with
affinity-purified Spl. (A) Footprinting of sites 1 and 2. The [32P]DNA
used for the footprinting analysis was a 98-bp HindIII-BstEII
restriction fragment of pmgAS-6 that was 5' end labeled on the
noncoding strand. -, fNase I cleavage pattern in the absence of
Spl; +, DNase I cleavage pattern in the presence of Spl. Maxam-
Gilbert sequencing ladders are shown in the left two lanes. The
positions of sites 1 and 2 are indicated by the hatched boxes on the
right. The extent of the protected region (in bases) is indicated by
the numbers on the left. (B) Footprinting of site 3. The [32P]DNA
used for the footprinting analysis was a 500-bp HindIII-BamHI
restriction fragment of pmgAS-6 that was 5' end labeled on the
coding strand. The lanes are the same as in panel A. The position of
site 3 is indicated by the hatched box on the right. The extent of the
protected region (in bases) is indicated by the numbers on the left.

medium affinity compared with other known binding sites, as
determined from DNase I footprinting experiments (20). Site
3 (-53 to -44), which is situated in the opposite orientation
relative to sites 1 and 2, matches the consensus sequence
except for one mismatch in the sixth position (-49), in which
an A is substituted for the preferred G. A fourth potential
Spl-binding site (-79 to -70) is oriented similarly to site 3
and differs from the consensus sequence in two positions.
Although sites 1 and 3 closely resemble the consensus
sequence, they do not match any previously identified
Spl-binding sites.
To determine whether the four motifs in the AS promoter

bound Spl, we performed in vitro DNase I footprinting
experiments with affinity-purified human Spl. These exper-
iments revealed two regions of protection corresponding to
three separate binding sites for Spl (Fig. 2). The first region
spans 36 bp between -123 to -88 and encompasses the two
motifs corresponding to sites 1 and 2 (Fig. 2A). The extent of
protection in this region is consistent with the presence of
two binding sites, since a single Spl-binding site will nor-
mally generate a protected region of between 15 and 20 bp

I
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FIG. 3. DNase I footprinting of mutant AS promoters with affinity-purified Spl. (A) Site 1; (B) site 2; (C) site 3. The DNAs are labeled
with 32p in the same strand as in Fig. 2; the lanes are marked the same as in Fig. 2. The double TT mutation introduced into each site is shown
on the right in the box. The extent (in bases) of each protected region is indicated by the numbers on the left. The partial protection 3' to site
3 may be due to an Spl half-site at -18 to -14.

(13). The 5' end of this region showed enhanced cleavage by
DNase I (bases -123 and -122). We consider this part of the
Spl-binding region since intensification of DNase I cleav-
ages is often observed as an effect of protein binding to
DNA. The degree of protection spanning from -120 to -109
(corresponding to site 1) is clearly much weaker than that
spanning from -108 to -88 (corresponding to site 2). Be-
cause site 1 showed less protection than site 2, and because
site 2 is a known medium-affinity binding site, we have
designated site 1 in the human AS promoter as a low-affinity
Spl-binding site. The other observable DNase I footprint
spans 19 bp from -56 to -38 and encompasses site 3 (Fig.
2B). Similar to site 1, site 3 showed partial protection by
purified Spl under conditions that yield complete protection
at site 2. Thus, we have also designated site 3 in the human
AS promoter as a low-affinity Spl-binding site. The fourth
potential Spl-binding site at -79 to -70 did not bind purified
Spl (data not shown). The failure to detect binding at this
site is consistent with the fact that it differs from the
consensus sequence in two positions, whereas sites 1 and 3,
which bind Spl weakly, differ from the consensus sequence
in only one position. Thus, we conclude that the human AS
promoter contains three Spl-binding sites, two with low
affinity and one with medium affinity for human Spl.

Site-directed mutagenesis of the Spl-binding sites. Although
in vitro DNase I footprinting can be used to identify factor-
binding sites in DNA, such experiments do not establish a
direct role for these sites in the transcriptional activation of
gene expression in vivo. Thus, to establish this role and to
determine the relative contribution of each Spl-binding site
to activation of the human AS promoter, we generated a
series of site-directed mutants designed to abolish binding of
Spl to each of the three sites (designated 1-, 2-, and 3-)
and measured their effects on transcription in vivo. As
described below, these mutants were generated separately

and in every possible combination. Base changes were

introduced into the third and fourth positions of the consen-
sus binding site (GG to TT; Fig. 1B), since these mutations
were previously shown to abolish Spl binding in vitro (19).
We also introduced base changes into each of the three
binding sites which were designed to increase the affinity for
Spl (designated 1+, 2+, and 3+). These mutants were

constructed to determine whether mutations that increase
the affinity of a binding site for Spl in vitro would result in a

higher transcription rate in vivo. The introduced base
change(s) separately converted each site to GGGGCGGG
GC, a sequence that was shown previously to be a high-
affinity Spl-binding site (20).
To demonstrate that each mutation had its intended effect

on Spl binding, we performed DNase I footprinting and
DNA binding-gel electrophoresis assays, using the mutated
DNA sequences as binding substrates (Fig. 3 and 4). DNase
I footprinting of the mutated site 1 shows that the previously
observed region of partial protection spanning from -123 to
-109 corresponding to site 1 has been abolished (Fig. 3A;
compare with Fig. 2A). In contrast, the region encompassing
the intact site 2 (-108 to -88) still shows complete protec-
tion. Similarly, mutagenesis of site 2 abolished the complete
protection normally spanning -108 to -88, which encom-
passes site 2, but had no effect on the partial protection
spanning from -123 to -109, which corresponds to site 1
(Fig. 3B). Thus, mutagenesis of either site 1 or site 2
separately abolished binding of Spl to that site but did not
disturb the interaction of Spl with the adjacent site. Taken
together, these observations suggest that Spl does not bind
cooperatively to sites 1 and 2 and are consistent with
previous studies which failed to observe cooperative binding
of Spl to adjacent sites in the SV40 promoter (13). DNase I
footprinting of the mutated site 3 shows that the protected
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FIG. 4. DNA binding-gel electrophoresis assay of improved Spl-

binding sites. A double-stranded 30-bp 32P-oligonucleotide was
incubated with RPMI 2650 nuclear extract (lanes b, c, e, and f), and
the complexes formed were analyzed on a nondenaturing polyacryl-
amide gel. Lanes: a, wild-type (WT) site 1 without nuclear extract;
b, wild-type site 1; c, high-affinity site 1; d, wild-type site 3 without
nuclear extract; e, wild-type site 3; f, high-affinity site 3. The specific
activities of the wild-type and mutant 32P-oligonucleotides were
essentially the same. Positions of migration of the free fragment (FF)
and the Spl nucleoprotein complex (Spl) are indicated on the left.

region which normally spans -56 to -38 and encompasses
site 3 has been abolished (Fig. 3C).
To verify the effects of mutations designed to increase Spl

binding, we used a DNA binding-gel electrophoresis assay
(8) with double-stranded 30-bp oligonucleotides containing
either the wild-type or improved Spl-binding site sequence
as the binding substrate. Nuclear extracts from human RPMI
2650 cells were used as a source of Spl in these experiments,
since our subsequent transfection studies were performed
with these cells (see below). An oligonucleotide containing a

high-affinity binding sequence at site 1 (Fig. 4, lane c) gave a
more intense shifted signal than did an oligonucleotide
containing the wild-type sequence (lane b), indicating more
avid binding of Spl. Similar results were obtained for site 3
(compare lanes e and f). These results were substantiated by
DNase I footprinting experiments with purified Spl, which
showed improved protection at sites 1 and 3 when we used
DNA fragments containing the improved binding-site se-
quence (data not shown). Thus, we have shown by using two
independent DNA binding assays that mutations that were
designed to either abolish or increase Spl binding produced
the desired and expected effects. We did not perform similar
experiments for site 2 since the sequences of both the
wild-type and high-affinity site 2 are identical to those of
previously characterized Spl-binding sites, and the relative
affinities of these sites for Spl have already been established
by DNase I footprinting (20).

Expression of mutant AS promoter-CAT constructs in
RPMI 2650 cells. We determined the effect of each mutation
on the relative transcriptional activity of the AS promoter by
creating a pool of stably transfected RPMI 2650 cells ex-

4Endo AS
- a41-- Trans

a b c d e
FIG. 5. Expression of mutant AS promoter-CAT constructs. (A)

CAT assays. The constructs examined are indicated at the top of
each lane. WT, wild type. (B) Southern blotting of genomic DNA for
gene copy number. Genomic DNA from pooled cell lines was
digested with BamHI and EcoRI and subjected to Southern blot
analysis. The filter was hybridized with a [32P]DNA probe corre-
sponding to the 2.3-kb BamHI-EcoRI fragment ofpmgAS-6 (see Fig.
1A). This probe contains sequences from intron 3 of the human AS
gene and detects two restriction fragments; one corresponds to a
2.5-kb BamHI-EcoRI fragment from the endogenous human AS
gene (Endo AS) and the other corresponds to the 2.3-kb BamHI-
EcoRI fragment of the stably integrated transfected genes (Trans).
The cell lines examined are indicated at the top of each lane. WT,
wild type.

pressing the wild-type plasmid (pmgAS-6) and each of the
mutant plasmids. Numerous studies using transfected plas-
mids have shown that the level of CAT activity is directly
proportional to the strength of the promoter driving the CAT
gene (reference 6 and references therein). We chose to
perform these studies with stable cell lines rather than with
transient assays in order to monitor the effects of these
mutations in a cellular context which closely resembles that
of a single-copy gene. By using stable cell lines, we could
avoid unnaturally high gene copy numbers and could ensure
that the transfected plasmids were assembled into bona fide
chromatin. Pooled cell lines were generated by cotrans-
fecting each test plasmid with a plasmid conferring resis-
tance to hygromycin B, followed by selection in growth
media containing hygromycin. Any positional effect of the
chromosomal integration site on expression of the trans-
fected plasmids should be averaged out, since each pool of
transfectants contained between 400 and 500 colonies. The
level of CAT expression in each pooled cell line was quan-
tified and then normalized to plasmid DNA copy number to
correct for differences due to variations in transfection
efficiency.
Compared with pmgAS-6 (Fig. 5A, lane a), mutations that

abolished Spl binding to site 2 (lane b) and site 3 (lane d) had
a dramatic effect on the transcriptional activity of the AS
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TABLE 1. Summary of AS promoter mutants

Siteb
Namea Activityc

lb 2 3

Wild type L M L 100
1- M L 23
2- L L 10
3- L M 21
1-2- L 3.3
1-3- M 7.2
2-3- L 2.2
1-2-3- 1.5
1+ H M L 30
2+ L H L 306
3+ L M H 320

a A minus sign indicates that the site has been mutated to abolish Spl
binding; a plus sign indicates that the site has been converted to a high-affinity
site.

b L, Low-affinity site; M, medium-affinity site; H, high-affinity site.
c Based on the percent conversion of the ["Ichloramphenicol substrate into

all acetylated products and expressed relative to that of the wild-type human
AS promoter (100%). All activities are normalized to CAT gene copy number.

promoter in RPMI 2650 cells. These differences in CAT
expression were not due to variations in gene copy number,
since all pooled cell lines contained on average a similar
number (ca. 5 copies per cell) of integrated plasmids (Fig.
5B), and all CAT values were normalized to CAT gene copy
number (Table 1). Thus, the observed effect of each muta-
tion on CAT expression is due to its effect on the activity of
the human AS promoter.
The effects of the various mutations on the activity of the

human AS promoter in RPMI 2650 cells are summarized in
Table 1. As mentioned above, we constructed mutants that
abolished binding of Spl to only one site, to two sites, and to
all three sites. This allowed us to determine the relative
contribution of each site to the activity of the human AS
promoter in the absence of the other two sites. Furthermore,
this series of mutant promoters also allowed us to observe
synergistic interactions between any combination of two or
among all three Spl-binding sites. The mutant designated
1-2-3- serves to provide a base line of promoter activity in
the absence of Spl binding. Mutation of each site indepen-
dently resulted in a 4- to 10-fold decrease in the activity of
the AS promoter (Table 1). These data establish that each of
the three Spl-binding site is functionally operative in vivo.
Ablation of site 2, which binds Spl with medium affinity, had
a more pronounced effect on the activity of the human AS
promoter than did mutagenesis of either site 1 or site 3, both
of which bind Spl with low affinity. Thus, the effects of these
mutations on transcription in vivo closely parallel their
effects on Spl binding in vitro. Plasmids that contained
mutations in two sites showed even lower levels of promoter
activity, and as before, mutagenesis of site 2 had a more
pronounced effect than did mutagenesis of either site 1 or
site 3. For example, mutation of site 2 in the 1- plasmid to
produce 1-2- resulted in a sevenfold decrease in promoter
strength, whereas mutation of site 3 in the 1- plasmid to
produce 1-3- resulted in a threefold decrease in promoter
strength. The activity of the mutant promoter in which all
three Spl-binding sites were eliminated (1-2-3-) was only
1.5% that of the wild-type promoter, indicating that 98% of
the human AS promoter activity is due to these three
Spl-binding sites.

In general, bases changes that increased Spl binding in
vitro resulted in higher transcription rates in vivo. For

1+2 1+3 2+3 1+2+3

FIG. 6. Synergistic activation of the human AS promoter by Spl.
The sites included in each analysis are shown at the bottom, and the
corresponding promoter activities are expressed relative to that of
the wild-type AS promoter (100%). Each hatched bar represents the
sum of the activities of individual Spl-binding sites when the
activities of each site is measured in the absence of the other two
sites. Each solid bar represents the observed transcription rate when
the sites indicated are present in the same promoter.

example, base changes in sites 2 and 3 which increase Spl
binding resulted in a threefold increase in promoter strength
(Table 1). Increasing the affinity at site 1 gave a surprising
and unexpected result. In this case, the result of increasing
the affinity for Spl reduced the strength of the AS promoter
to 30% of normal. Similar results were observed in three
independent pooled cell lines. These data show that increas-
ing the affinity of the Spl-binding site has consequences in
vivo and, with one exception, confirm our previous obser-
vations with the native sites that those exhibiting a higher
affinity for Spl in vitro contribute more to AS promoter
strength in vivo.

Spl-binding sites interact synergistically in vivo to activate
transcription. A novel aspect of the data presented in Table
1 is that they provide compelling evidence that the three
Spl-binding sites in the human AS promoter interact syner-
gistically in vivo to activate transcription. This synergism is
illustrated in Fig. 6. In every case, the observed activity
when multiple sites are present in the same promoter is
greater than the sum of the individual site contributions. This
synergistic effect is most striking when all three sites are
present in the same promoter, in which case the observed
transcription rate is eight times that of the sum of the
individual site contributions. These results strongly suggest
that the Spl proteins bound at the individual sites interact in
the in vivo transcription complex, either directly or through
an intermediary protein, to produce a more active transcrip-
tion complex.

Presence of Spl in RPMI 2650 nuclear extracts. Thus far,
we have demonstrated that the human AS promoter contains
three motifs that bind Spl in vitro and that all three sites are
functionally operative and interact synergistically in vivo.
We have also demonstrated a positive correlation between
the binding affinities of Spl sites in vitro and their ability to
activate transcription in vivo. However, it has been shown
that mammalian cells contain several sequence-specific
DNA-binding proteins that can recognize G+C-rich se-
quences similar or identical to those recognized by Spl (21,
23). Thus, it was important that we demonstrate that the
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which is nearly identical to the value (0.26 M) reported for
- - + Spl by Briggs et al. (2). Thus, based on the fact that its
- + - binding preferences for a variety of DNA sequences match
+ + + those of Spl, on its comigration with an Spl nucleoprotein

complex in a nondenaturing polyacrylamide gel, on its
antigenicity, and on its chromatographic properties on an
ion-exchange resin, we conclude that the factor present in

to b1i -Spi RPMI 2650 cells which binds to the human AS promoter is
authentic Spl.

FF-

a b c a b c d
FIG. 7. DNA binding-gel electrophoresis assays. (A) Comigra-

tion of RPMI 2650 and purified Spl nucleoprotein complexes. A
double-stranded 30-bp 32P-oligonucleotide corresponding to wild-
type site 2 was incubated without (lane a) or with (lane b) RPMI 2650
nuclear extract (NE) or with 1 ng of affinity-purified Spl (lane c), and
the complexes formed were analyzed on a nondenaturing polyacryl-
amide gel. Positions of migration of the free fragment (FF) and the
Spl nucleoprotein complex (Spl) are indicated on the left. (B) Effect
of anti-Spl antiserum on the formation of the RPMI 2650 nucleopro-
tein complex. The 32P-oligonucleotide used in this analysis is the
same as that used for panel A. A plus sign indicates that RPMI 2650
nuclear extract (NE), anti-human Spl antiserum (Spl Ab), or
preimmune serum (PI) was included in the reaction mixture. The
position of migration of the Spl nucleoprotein complex (Spl) is
indicated on the right. The Spl signal in lane c is 53% of that in lane
d.

protein in RPMI 2650 cells which binds to the human AS
promoter is in fact Spl.
We performed three different experiments to demonstrate

this point. First, we compared the mobility in a nondenatur-
ing polyacrylamide gel of the nucleoprotein complex formed
with purified Spl with that of the complex formed with
RPMI 2650 nuclear extract (Fig. 7A). This experiment shows
that the major shifted species with RPMI 2650 nuclear
extract (lane b) comigrates exactly with that produced with
purified Spl (lane c), suggesting that the protein giving rise to
the shift in RPMI 2650 cells is Spl. Second, we added a small
amount of rabbit anti-human Spl antiserum to RPMI 2650
nuclear extracts to block Spl binding (Fig. 7B). This antise-
rum was shown previously to diminish Spl-DNA complex
formation in this type of assay (36). The anti-Spl antiserum
reduced the intensity of the shifted complex (Fig. 7B, lane
c), whereas an equal amount of preimmune rabbit serum had
no effect (lane d). Although we did not observe complete
abolition of the RPMI 2650 nucleoprotein complex with the
anti-Spl antiserum, we saw diminished binding in four
independent experiments. Third, we fractionated the RPMI
2650 nuclear extract on a Mono S column and eluted the
bound proteins with a linear 60 to 400 mM KCI gradient. The
protein that produces the nucleoprotein complex shown in
Fig. 7B (lane b) eluted at 255 mM KCl (data not shown),

DISCUSSION

We have used DNase I footprinting with affinity-purified
protein to identify three binding sites for the cellular tran-
scription factor Spl in the human AS promoter. Site 2 has
medium affinity for Spl relative to other known sites, and the
sequence of this site has been found in other promoters (20).
The other two sites have low affinity for Spl as a result of
mismatches in the sixth position of the consensus sequence,
which is part of the GC box core sequence (GGGCGG; 19,
20). To our knowledge these sites have not been described
before, and therefore this study expands the repertoire of
Spl-binding sites. Furthermore, we have demonstrated that
both of these low-affinity sites are functionally operative in
vivo. This finding was based on transfection studies into
human cells with mutant AS promoter-CAT genes. These
experiments showed that each of the three Spl-binding sites
contributed to the activity of the human AS promoter, and
together they accounted for virtually all (98%) of the pro-
moter activity in vivo.

Generalizations drawn from studies of Spl-responsive
promoters indicate that the ability of a given Spl site to
activate transcription correlates with its affinity for Spl and
with its proximity to the transcription initiation site (20).
Based on two lines of evidence, our data show that the
affinity for Spl in vitro can positively correlate with tran-
scription rates in vivo. The highest-affinity Spl-binding site
in the AS promoter is site 2, and this site contributes more to
the full promoter activity than does either site 1 or site 3,
both of which have low affinity for Spl. Moreover, base
changes in either site 2 or site 3 which increase Spl binding
in vitro result in higher transcription rates in vivo. Thus,
these results support the general conclusion that a higher
affinity for Spl in vitro results in a higher transcription rate
in vivo.
However, we would like to emphasize that this need not

always be the case, as is clearly illustrated by our finding that
a base change in site 1 of the human AS promoter which
increases its affinity for Spl in vitro did not result in a higher
transcription rate in vivo. In fact, this base change produced
a threefold decrease in AS promoter activity in vivo. We
speculate that this result might be due to the close proximity
of sites 1 and 2 (3 bases apart) in the human AS promoter. It
may be that increasing the occupancy of Spl at site 1 alters
the nature of protein-DNA interaction at site 2 in a way that
results in a lower in vivo transcription rate. There is a
precedent, for example, for steric interference between
proximal Spl-binding sites in the SV40 early promoter (13).
Although the basis of this unexpected result is unknown, this
finding has important implications, since mutations in Spl-
binding sites have been associated with specific disease
states in humans. For example, hereditary persistence of
fetal hemoglobin is a disorder in humans in which one of the
two fetal globin genes is expressed in adulthood, when these
genes are normally inactive (4, 5, 33, 36). This phenotype has
been correlated with mutations in potential Spl-binding sites
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in the promoters of the fetal gamma globin genes (4, 5, 14).
Indeed, recent studies have demonstrated that naturally
occurring mutations in the gamma globin promoters which
are associated with hereditary persistence of fetal hemoglo-
bin result in more avid binding of Spl in vitro (33, 36). Thus,
in this one example, a positive correlation between increased
Spl binding in vitro and increased gene expression in vivo
has been established. However, the results presented in this
study clearly demonstrate the importance of extending in
vitro observations to the in vivo context.
A novel result of this study is that proximal Spl-binding

sites can interact synergistically in vivo to activate transcrip-
tion in a context that closely resembles that of a single-copy
cellular gene. Although synergism has been described pre-
viously for Spi, these studies explored the ability of Spl to
act synergistically with other transcription factors or used
artificial combinations of cis-acting sequences (6, 34, 35).
Our results confirm and extend the findings of others by
showing that human Spl can synergistically activate tran-
scription when its binding sites are in their native promoter
context, at near-normal gene copy numbers, and when the
DNA is assembled into bona fide chromatin. This was
clearly illustrated by the observation that the in vivo activity
of the wild-type AS promoter, which has all three Spl sites
in the same promoter, is eight times greater than the sum of
the individual site activities. This synergism was measurable
but less dramatic (twofold) when only two sites appeared in
the same promoter. This synergistic activation suggests that
protein-protein interactions involving bound Spl monomers,
by themselves or in combination with other proteins, are
critical to establish full activation of transcription in vivo.
The ability to activate transcription synergistically may be
the reason that many cellular promoters have multiple Spl-
binding sites arranged in tandem and in close proximity.
The ability of Spl to activate transcription synergistically

could be the result of cooperative binding of Spl monomers
to DNA or due to interactions through its transcriptional
activation domain. Cooperative binding to DNA has been
observed with GAL4 (15), enhancer-binding proteins (31),
and steroid hormone receptors (37). Courey et al. concluded
that the synergistic ability of Spl is mediated through its
activation domain, since mutants of Spl that are unable to
bind DNA can still increase transcription when accompanied
by a wild-type Spl protein (6). This phenomenon was
referred to as superactivation. We believe that the mecha-
nism of synergistic activation of the human AS promoter by
Spl is likely to be similar to the mechanism of superactiva-
tion and that it is probably due to synergistic interactions at
the level of activation rather than to cooperative binding of
Spl monomers to DNA. The two sites at which one might
expect to find cooperative Spl binding are at sites 1 and 2 in
the AS promoter, since these sites are in close proximity.
However, we find that the degree of Spl protection of the
low-affinity site (site 1) in DNase I footprinting experiments
is identical whether or not site 2 is present (compare Fig. 2A
and 3B). The fact that Spl occupancy at site 2 does not
improve protection at site 1 is inconsistent with cooperative
binding. However, sites 1 and 2 do act synergistically in vivo
to activate the human AS promoter (Fig. 6). Thus as previ-
ously proposed by Courey et al. (6), the ability of Spl to
activate transcription may involve a protein surface that
interacts with other proteins of the general transcription
machinery, and this interaction may be optimal when multi-
ple Spl molecules are present in the in vivo transcription
complex. Evidence supporting such a proposal for the yeast

activator GAL4 was recently obtained by Ptashne and
colleagues (3, 26).
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