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Previous experiments have identified an element in the adenovirus E4 promoter that is critical for
ElA-dependent trans activation and that can confer inducibility to a heterologous promoter. This DNA element
is a recognition site for multiple nuclear factors, including ATF, which is likely a family of DNA-binding factors
with similar DNA recognition properties. However, ATF activity was found not to be altered in any

demonstrable way as a result of adenovirus infection. In contrast, another factor that recognizes this element,
termed E4F, was found at only very low levels in uninfected cells but was increased markedly upon adenovirus
infection, as measured in DNA-binding assays. Although both the ATF activity and the E4F activity recognized
and bound to the same two sites in the E4 promoter, they differed in their sequence recognition of these sites.
Furthermore, E4F bound only to a small subset of the ATF recognition sites; for instance, E4F did not
recognize the ATF sites in the E2 or E3 promoters. Various E4F and ATF binding sites were inserted into an

expression vector and tested by cotransfection assays for responsiveness to ElA. We found that a sequence

capable of binding E4F could confer ElA inducibility. In contrast, a sequence that could bind ATF but not E4F
did not confer EIA inducibility. We also found that E4F formed a stable complex with the E4 promoter,
whereas the ATF DNA complex was unstable and rapidly dissociated. We conclude that the DNA-binding
specificity of E4F as well as the alterations in DNA-binding activity of F4F closely correlates with EIA
stimulation of the E4 promoter.

It is now evident that the control of transcriptional activity
from eucaryotic polymerase II promoters is brought about
through the interaction of sequence-specific DNA-binding
proteins with upstream regulatory elements. In a number of
cases, proteins that appear to be rate-limiting factors, as

defined by changes in DNA-binding activity or transcrip-
tional activity, have been identified (for reviews, see refer-
ences 32 and 33). An often found complication, however, is
the observation that a regulatory site in the promoter may
bind multiple proteins, many or all of which are capable of
stimulating transcription in in vitro assays. Thus, in the
absence of other information, it becomes difficult to identify
one particular factor as the component that regulates tran-
scription of the gene inside the cell. Certainly, the definitive
answer to this question would be a genetic approach; that is,
once the gene for the transcription factor is cloned, one

might engineer a mutation of that gene to then ask whether
that mutation impairs transcription from the promoter that
binds that particular transcription factor. This may be a

feasible approach in simple organisms such as yeasts, but in
higher eucaryotic cells it is not practical at this time.
Alternative approaches include analysis of the various pro-
teins that interact with regulatory sites to identify properties
that correlate with transcription of the gene. The most easily
assayed property is DNA binding; indeed, in several cases in
which multiple proteins have been found to interact with a

regulatory element, one particular protein shows evidence of
involvement in the control, that is, changes in DNA-binding
activity that correlate with transcription of the gene. For
instance, at least two DNA-binding proteins, OTF1 and
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OTF2 (also termed Octl and Oct2), recognize and interact
with the octamer element found in the promoter and en-

hancer of the immunoglobulin heavy-chain locus (7, 23, 38,
45, 49, 50). However, only one of these proteins, OTF2, is
found exclusively in B cells where the gene is transcribed
(24, 49), and thus one presumes that this protein is respon-
sible for the B-cell-specific transcription of the gene.
Another indication of complexity of transcription factor

interactions can be found in the early adenovirus genes that
are trans activated by the ElA protein (2, 37). For example,
previous studies have identified a repeated sequence element
in the E4 promoter that is critical for transcription and for
ElA-dependent trans activation (26). This sequence element
is the binding site for multiple transcription factors that can

be assayed in extracts of human cells (4, 26, 27, 41). Thus,
identification of the factor responsible for ElA control of E4
promoter activity is obviously complicated by the fact that
multiple proteins interact with the regulatory site.
One of the activities that interacts with the E4 promoter,

termed ATF, is abundant in extracts of mammalian cells and
appears to recognize and interact with a variety of both viral
and cellular promoters (27, 30). The ATF factor is in fact a

family of transcription factors that recognize common se-

quence elements (13) and includes the cyclic AMP (cAMP)
regulatory protein termed CREB (12, 16, 34, 54). No differ-
ences have been noted in either the characteristics of binding
or the amount of binding activity of ATF after adenovirus
infection (8, 19, 31, 48). An activity termed EivF has also
been shown to interact with this site, but again, there is no

indication of an alteration as a function of ElA (4). In
contrast, one other factor that interacts with the E4 regula-
tory site, termed E4F, does change markedly upon adeno-
virus infection (41). There is a significant stimulation of E4F
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DNA-binding activity after adenovirus infection that is de-
pendent on ElA function, and the kinetics of E4F activation
parallels the kinetics of E4 transcription activation. Thus,
the interaction of E4F with the E4 promoter correlates with
the ElA-dependent trans activation of E4 transcription. We
have now directed further studies toward a careful charac-
terization of the various activities and an analysis of the roles
of the factors in mediating ElA-dependent trans activation.

MATERIALS AND METHODS

Cells and virus. HeLa cells were grown in suspension
culture in minimal essential medium (Joklik) containing 5%
calf serum. The procedures for growth and purification of
adenovirus type 5 (Ad5) and the methods for infection of
cultures have been described elsewhere (36).
DNA probes and plasmids. E4wt is a synthetic double-

stranded (ds) oligonucleotide containing the E4F/ATF se-
quence between -42 and -56 of the E4 promoter, cloned
into the BamHI site of pUC19 and excised as a 76-base-pair
EcoRI-HindlIl fragment. Point mutations in E4wt (as de-
scribed in the text) were synthesized to create E4pml,
E4pm2, E4pm3, and E4pm4, which were also cloned into the
BamHI site of pUC19 and excised as EcoRI-HindlIl frag-
ments.
E2ATF is a ds synthetic oligonucleotide containing the

ATF sequence between -69 and -79 of the E2 promoter,
cloned into the BamHI site of pUC19 and excised as a
EcoRI-HindIII fragment (41).
E3ATF is a synthetic ds oligonucleotide containing the

ATF sequence between -36 and -65 of the E4 promoter,
cloned into the EcoRI site of pBluescript (Stratagene) and
excised as a BamHI-HindIII fragment.
E3AP1 is a synthetic ds oligonucleotide containing the

AP1 sequence between -82 and -105 of the E3 promoter,
cloned into the EcoRI site of pBluescript and excised as a
BamHI-HindIII fragment.

SP1 is a synthetic ds oligonucleotide containing the SP1
sequence between -31 and -54 of the E1B promoter,
cloned into the Sal-HindIll sites of pUC19 and excised as a
EcoRI-HindIII fragment.
The expression plasmids pRE4wt, pRE4pml, pRE4pm2,

pRE4pm4, pRE2ATF, and pRE3ATF each contain a tandem
repeat of the respective E4F/ATF sequence (described
above), cloned into pBluescript directly upstream of a frag-
ment containing the simian virus 40 TATA sequence and the
E3 cap site linked to the bacterial chloramphenicol acetyl-
transferase (CAT) gene. The tandem E4F/ATF sites are
spaced 20 base pairs apart and are in the same orientation,
relative to the TATA box, as the E4F/ATF site at -45 in the
E4 promoter. Plasmid pElA was used for the expression of
ElA in cotransfections (20).

Plasmids pE4 and pE4-90 contain sequences between +32
and +224 and between +32 and -90, respectively, of the E4
promoter, cloned into pUC13 as described previously (41).

Extract preparation. Nuclear extracts were prepared from
HeLa cells or AdS-infected HeLa cells as described previ-
ously (5, 22). Whole-cell extracts were prepared from AdS-
infected HeLa cells as described previously (41).

Purification of E4F and ATF. ATF was purified from
nuclear extracts of HeLa cells or AdS-infected HeLa cells
according to a procedure adapted from Hai et al. (12).
Extracts were applied to heparin-agarose columns (5 mg of
protein per ml of bed resin; Sigma Chemical Co.) and
washed with buffer A (20 mM N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid [HEPES; pH 7.9], 0.2 mM dithio-

threitol [DTT], 0.2 mM EDTA, 0.5 mM phenylmethylsulfo-
nyl fluoride [PMSF], 0.5 mM NaF, 0.5 mM Na3VO4, 10%
glycerol) plus 0.1 M KCI. The bulk of ATF activity was step
eluted with buffer A plus 0.3 M KCl. After dialysis against
buffer B (20 mM Tris hydrochloride [pH 7.5], 0.2 mM DTT,
0.2 mM EDTA, 0.5 mM PMSF, 10% glycerol) plus 0.1 M
KCl, the heparin-agarose fractions containing ATF were
applied to a phosphocellulose column (Whatman P11; 20 mg
of protein per ml of bed resin), washed with buffer B plus
0.15 M KCI, and step eluted with buffer B plus 0.6 M KCl.
The phosphocellulose-purified ATF was dialyzed against
buffer B plus 0.1 M KCl, applied to a DEAE-Sephacel
column (5 mg of protein per ml of bed resin; Pharmacia), and
washed with buffer B plus 0.1 M KCl. ATF activity was
collected in the flowthrough fractions, adjusted to 0.1%
Nonidet P-40, and twice loaded onto a DNA-Sepharose
affinity column containing multimers of the E4F/ATF bind-
ing site (sequences between -43 and -54 in the E4 promot-
er), prepared as described previously (21). After successive
washes with buffer C (20 mM HEPES [pH 7.9], 20% glyc-
erol, 0.5 mM DTT, 0.5 mM PMSF, 0.1% Nonidet P-40) plus
0.1 M KCl and buffer C plus 0.3 M KCl, ATF activity was
eluted with buffer C plus 1 M KCl. This material was
dialyzed against buffer C to 0.1 M KCl and subjected to a
second round of DNA-Sepharose affinity chromatography.
All chromatographic steps were monitored for ATF activity
by the gel retardation assay.
E4F was purified from whole-cell extracts of Ad5-infected

HeLa cells as previously described (40). Briefly, extracts
were applied to heparin-agarose columns, washed succes-
sively with buffer A plus 0.1 M KCl and buffer A plus 0.25 M
KCI, and eluted with a 0.25 to 0.75 M KCl linear gradient.
E4F activity (eluting at -0.32 M KCl) was dialyzed against
buffer B plus 0.1 M KCl, applied to a DEAE-Sephadex
column (Pharmacia), and eluted with a 0.1 to 0.4 M KCl
gradient. E4F activity (eluting at -0.15 M KCl) was diluted
with buffer B to 0.1 M KCl, applied to a carboxymethyl
(CM)-Sepharose column (Pharmacia), and eluted with a 0.1
to 0.4 M KCl gradient. The CM-Sepharose-purified E4F
(eluting at -0.2 M KCI) was adjusted to 0.1 M KCI, 0.1%
Nonidet P-40, and 1 mM MgCl2 (E4F requires Mg2+ to bind
to DNA) and twice loaded onto a DNA-Sepharose affinity
column containing multimers of the E4F/ATF binding site.
This column was washed successively with buffer D (buffer
C plus 1 mM MgCl2) plus 0.1 M KCI and buffer D plus 0.3 M
KCl, and then E4F activity was eluted with buffer D plus 1
M KCl. All steps were monitored for E4F activity by the gel
retardation assay.

Gel retardation assays. Binding assays for E4F contained
20 mM HEPES (pH 7.9), 1 mM MgCl2, 0.1 mM EDTA, 0.2
mM DTT, 4% Ficoll, and 40 to 60 mM KCl, with 1 ng of
3'-end-labeled E4wt probe, 0.5 to 3 ,g of poly(dI-
dC) poly(dI-dC) (Pharmacia), and 1 to 5 ,ul of column
fractions in a total volume of 30 ,ul. Each reaction was
initiated by addition of protein and incubated for 30 min at
room temperature, and then 10 RI1 was analyzed in a 4%
polyacrylamide gel as described previously (41).

Binding assays for ATF were as described above except
that poly(dI) poly(dC) (Pharmacia) was used as nonspecific
competitor DNA instead of the alternating copolymer.

Binding assays for E4F in crude nuclear extracts used
E4pm2 as the labeled probe and contained 8 p.g of poly(dI-
dC) poly(dI-dC) and 40 ,ug of protein per 30-,u reaction.

Specific competitor DNA fragments were added to E4F or
ATF binding reactions before the introduction of protein in
the amounts specified in the text. Binding reactions were
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then analyzed as described above, and the levels of compe-
tition were measured by the loss of specific complexes.
Antibody supershifting of DNA-protein complexes was

performed by adding 1 ,ul of antiserum 1025 or 1056 (see
below for description of antisera) to E4F or ATF binding
reactions 30 min after the start of the reaction and further
incubating the mixtures for 1 h on ice. Complexes were
analyzed as described above.

Dissociation rate analysis. Binding reactions (scaled up
threefold) containing the E4wt probe and either affinity-
purified E4F or ATF were incubated for 40 min to allow
DNA protein complexes to form. Time course experiments
showed that this incubation period was more than sufficient
to allow the binding reactions to reach equilibrium (data not
shown). After incubation, a 500-fold molar excess of unla-
beled E4wt DNA was added to the reaction; 10-,ul samples
were removed at the times indicated and immediately loaded
onto a 4% polyacrylamide gel running at 150 V. Five minutes
after the last sample was loaded, the voltage was increased
to 280 V and the gel was run to completion.
DNase I footprint assays. Saturating amounts (20 to 30 ,ul)

of affinity-purified E4F or ATF (dialyzed to 0.1 M KCl in
buffer C) were incubated with 0.2 ng of the EcoRI-HindIII
fragment from plasmid pE4, 3' end labeled at the EcoRI site
(noncoding strand), in a final volume of 50 RI containing 20
mM HEPES (pH 7.9), 1 mM MgCl2, 0.5 mM DTT, and 40 to
60 mM KCI. After a 45-min incubation, an equal volume of
10 mM MgCl2 and 5 mM CaCl2 was added, followed by the
addition of 5 ng of freshly diluted DNase I (Boehringer
Mannheim Biochemicals). The digestions were carried out
for 60 s, stopped, and processed as described previously
(40).

Methylation interference assays. The EcoRI-HindIII frag-
ment from plasmid pE4-90 was 3' end labeled at the EcoRI
site (noncoding strand) or the HindlIl site (coding strand),
partially methylated with dimethyl sulfate, and used as a
probe in binding reactions containing affinity-purified E4F or
ATF. DNA-protein complexes were separated from free
DNA by gel retardation, eluted from the gel and cleaved with
piperidine, and then analyzed in an 8% sequencing gel (3,
41).
UV cross-linking. To synthesize the E4F/ATF binding-site

probe, a 32-base oligonucleotide template, containing the
sequence between -34 and -65 of the E4 promoter, was
annealed to an oligonucleotide primer complementary to the
final (3') 12 bases of the template and filled in with dATP,
[32P]dCTP, [32P]dGTP, and bromo-dUTP (Pharmacia) by
Klenow enzyme. Binding reactions (scaled up fivefold) con-
taining CM-Sepharose-purified E4F (50 ILI) or DEAE-Sepha-
cel-purified ATF (30 ,ul) were incubated at room temperature
for 60 min, irradiated (on ice) with UV light at an intensity of
1,400 p.W/cm2, treated with nuclease, and terminated with
sodium dodecyl sulfate (SDS) sample buffer as described
previously (3, 55). The photoaffinity-labeled adducts were
analyzed in a 10% SDS-polyacrylamide gel. E4F and ATF
labeling was specifically competed for by addition of a
100-fold molar excess of E4wt DNA. The nonspecific com-
petitor was a 100-fold molar excess of SP1 DNA.

Antisera. Affinity-purified rabbit antisera against CREB/
ATF (1025 and 1056) were a gift of A. Merino and D.
Reinberg (University of Medicine and Dentistry of New
Jersey). Antiserum 1025 was raised against a synthetic
peptide containing the sequence between amino acid resi-
dues 125 and 155 of the CREB protein (10); antiserum 1056
was raised against a synthetic peptide containing the se-

quence between amino acid residues 283 and 309 of the
CREB protein (10).

Transfection assays. Vero cells (American Type Culture
Collection) were maintained as monolayers in Dulbecco
modified Eagle media containing 10% fetal calf serum. JEG-3
cells (American Type Culture Collection) were maintained
as monolayers in minimal essential medium (Mediatech)
containing 10% fetal calf serum. For ElA trans activation
assays, Vero cells were plated overnight in Dulbecco mod-
ified Eagle medium containing 1% fetal calf serum and grown
to 70 to 80% confluence. Each 60-mm dish was cotransfected
with 3 pug of target DNA and 12 ,ug of either pElA or pUC19
DNA by the calcium phosphate procedure (52). DNA pre-
cipitates were removed after 12 to 16 h, and the cells were
replenished with fresh medium containing 1% fetal calf
serum. Cells were harvested 24 h later, and CAT assays
were performed as described previously (11). For cAMP
induction assays, JEG-3 cells, at 40 to 60% confluence in
100-mm dishes, were transfected with 2.5 ,ug of target DNA
and 15 pug of pUC19 DNA. DNA precipitates were removed
after 18 to 20 h, and the cells were replenished with fresh
medium. After 12 h, dibutyryl cAMP (Sigma) was added to
the cells at a final concentration of 1 mM. Cells were
harvested 12 h later and assayed for CAT activity. The
protein concentration of all cell supernatants was deter-
mined by dye-binding assay (Bio-Rad Laboratories).

RESULTS

Role of ATF recognition sites in ElA control. The analysis
of sequences and factors responsible for mediating E1A-
dependent trans activation of transcription has led to the
conclusion that multiple sites and factors must be targeted.
There is strong evidence for a role for the E2F factor (22, 23,
55), the TFIIIC factor (17, 56), and a TATAA-specific factor
(46, 53). In addition, a number of reports have implicated the
ATF recognition elements as targets for ElA control. Mu-
tagenesis of the ATF sites in a number of ElA-responsive
promoters results in the loss of activity or serious impair-
ment of those promoters. However, it is important in this
regard to distinguish between a factor that is necessary for
the transcription of a responsive gene and a factor that is the
actual target for activation; i.e., the rate-limiting component.
For instance, a deletion of the ATF site in the E2 promoter
was shown to eliminate promoter activity in the presence of
EMA, leading to the conclusion that the ATF site mediated
ElA responsiveness (44). However, since in this experiment
the deletion also eliminated basal activity, one cannot dis-
tinguish between an essential promoter element and a target
for regulation. Indeed, two other studies have shown that
although alteration or deletion of the E2 ATF site does lower
promoter activity, ElA inducibility remains (20, 31). Like-
wise, deletions of the ATF sites in the E3 promoter (8, 28)
and the c-fos promoter (47) reduce the activity of those
promoters but do not eliminate ElA responsiveness. Thus,
the ATF sites in the E2 promoter, the E3 promoter, and the
c-fos promoter are certainly important for full transcriptional
activity, but the evidence that these sites are the actual
targets for trans activation is lacking. In contrast, there is
good evidence to support the conclusion that the ATF sites
in the E4 promoter are targets of ElA control. In particular,
if a fragment containing the E4 ATF site located at -165 or
a multimer of the proximal ATF element (located at -50) is
placed upstream of a promoter containing no other E1A-
responsive elements, then ElA activation is conferred (25,
26). To our knowledge, however, this is the only example of
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TABLE 1. Sequence comparison of ATF recognition sitesa

Promoter Sequence

HTLV-I LTR C G T T G A C G A C A A C C
C C C T G A C G T G T C C C
C T C T G A C G T C T C C C

HTLV-IILTR C T C T G A C G A T T A C C
C C C T G A C G T C C C T C

BLV LTR T G C T G A C G G C A G C T
A G C T G A C G T C T C T G

Somatostain C T C T G A C G T C A G C C
Fibronectin C C G T G A C G T C A C C C
c-fos C C G T G A C G T T T A C A

T G C T G A C G C A G A T G
Enkephalin A G C T G A C G C A G G C C
hCG C C A T G A C G T C A A T T

C C A T G A C G T C A A T T
TH C T T T G A C G T C A G C C
PEPCK C T C T G A C G T A A G G G
VIP C T G T G A C G T C T T T C
ElA T T G T G A C G T G G C G C

G G G T G A C G T A G T A G
A A G T G A C G T T T T T G

E2A A G A T G A C G T A G T T T
E3 C T G T G A C G A A A G C C
E4 A A G T G A C G A T T T G A

G G G T G A C G T A G G T T
T T G T G A C G T G G C G C

E4F binding site A A A T G A C G T A A C G G
E4F binding site A A G T G A C G T A A C G T

ATF consensus T G A C G T
E4F consensus T G A C G T A A C

a From reference 51. HTLV-I and -II, Human T-cell leukemia virus types I
and II; LTR, long terminal repeat; BLV, bovine leukemia virus; hCG, human
chorionic gonadotropin; TH, tyrosine hydroxylase; PEPCK, phosphoenol-
pyruvate carboxykinase; VIP, human vasoactive intestinal polypeptide.

an ATF element that can confer ElA inducibility. In every
other case, the role of an ATF site in activation cannot be
distinguished from a role in providing promoter activity.
These ATF sites in the E4 promoter are unique in another

way. The proximal site located at -50 and the distal site
located at -165 are identical in sequence and differ from all
other ATF recognition sites, both in adenovirus promoters
as well as in cell promoters. The two E4 sites possess the
sequence TGACGTAAC (Table 1). Although the TGACGT
component is found in other ATF sites, the AAC component
is not. Given that our previous experiments have shown that
it is these two sites that are uniquely recognized by the E4F
factor (41) and the fact that the E4F factor is stimulated in an
adenovirus infection, we have now further investigated the
properties of E4F and ATF recognition of these sequences.

Purification and analysis of ATF and E4F. Previous studies
have described the purification of both the E4F transcription
factor and the ATF activities. Purification of E4F activity
results in the isolation of a single 50-kilodalton (kDa) poly-
peptide. This protein has binding properties identical to
those assayed in crude extracts and can stimulate E4 tran-
scription in vitro (40). Previous studies in other laboratories
have described the ATF activity as consisting of polypep-
tides ranging in molecular size from 43 to 47 kDa and
possessing transcriptional activity in vitro (12, 19). Recently,
cDNA clones encoding eight different ATF proteins (al-
though not including CREB) were isolated (13). Although it
is unclear how many or to what extent these different factors
are expressed in any one cell type, the majority of ATF
activity in HeLa cells appears to be isolated by using a

purification procedure described by Hai et al. (12). Thus,
using this approach, we have purified the ATF activity to
facilitate a direct comparison of E4F and ATF. The signifi-
cant differences in the purification of the two activities are
chromatography patterns on DEAE columns, in which E4F
binds and ATF does not, as well as heparin-agarose, in
which the two activities elute at different salt concentrations.
Distinct DNA-protein complexes, as judged by gel retarda-
tion assays, were formed with the ATF/E4F probe in the
purified E4F and ATF preparations (Fig. 1A). A difference in
the mobility of the DNA-protein complexes formed with the
two factors was clearly evident in this analysis such that the
ATF complex migrated somewhat slower in the gel than did
the E4F complex. A molecular weight difference in the two
polypeptides was also evident after UV cross-linking of each
factor to the DNA recognition site. UV cross-linking of the
ATF preparation labeled a protein of 47 kDa, whereas UV
cross-linking of the E4F factor labeled a 50-kDa polypeptide
(Fig. 1B). Although the two proteins are close in molecular
weight, it is clear from this analysis that they do differ.

Finally, we also used two antisera raised against peptides
derived from the CREB sequence to examine the relation-
ship between ATF and E4F. One of the antisera (1025)
detected a factor in the ATF-DNA complex, asjudged by the
reduced mobility of the complex in the gel retardation assay
in the presence of the antibody (Fig. 1C). In contrast, this
antiserum did not alter the mobility of the E4F-DNA com-
plex. We conclude from these analyses that the activities
termed ATF and E4F are distinct DNA-binding proteins as
defined by differences in molecular weight, purification
properties, and antibody recognition. We do not wish to
exclude the possibility that E4F is a member of the ATF
family; indeed, one of the ATF clones exhibits binding
properties similar to those of E4F (13). We do suggest,
however, that E4F is distinct from the major ATF binding
activity detected in HeLa cell extracts.
The DNA-binding characteristics of E4F and ATF differ.

Our previous experiments suggested differences in the DNA
recognition properties of the two factors, since E4F ap-
peared to bind only to two of the three ATF sites in the E4
promoter. This specificity is shown by a DNA-binding
competition assay in Fig. 2. Although ATF bound to sites in
the E2, E3, and E4 promoters, E4F bound only to the E4
promoter. The differences in the DNA recognition properties
of the two factors are also clearly evident from DNase
footprinting assays using a probe containing the entire E4
promoter (Fig. 3A). The ATF factor protected three regions
of the promoter, including sequence between -45 and -52
(site I), -138 and -145 (site II), and -162 and -169 (site
III). These are the sites previously characterized as ATF
recognition sites within the E4 promoter (26). In contrast,
the purified E4F factor protected only sites I and III, and this
did not change upon addition of more protein. Sites I and III
are the same two sequences previously characterized as the
E4F recognition sites (40, 41). Thus, under the same assay
conditions of DNA binding and DNase protection, there are
apparent differences in the binding specificities of the two
factors.

Methylation interference analysis of E4F and ATF binding
to the E4 site I demonstrated very clearly that the recogni-
tion specificities of the two factors overlap but differ. On the
noncoding strand of the DNA, both factors were inhibited by
methylation of the G residues at -46 and -49 (Fig. 3B).
Methylation of the G residue at -48 on the coding strand
also prevented binding of each factor. However, methylation
of the G residue at -53 prevented binding of the E4F factor
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FIG. 1. Demonstration that ATF and E4F are distinct DNA-binding proteins. (A) Gel retardation assays. Affinity-purified ATF and E4F,
prepared as described in Materials and Methods, were assayed for DNA binding to the E4wt probe by gel retardation assay. (B) Labeling of
ATF and E4F by UV cross-linking. Partially purified preparations of ATF and E4F were incubated with labeled probe, cross-linked by UV
irradiation, digested with nuclease, and then analyzed by SDS-gel electrophoresis. Binding reactions were also carried out in the presence of
an excess of cold competitor DNA, either the homologous sequence (E4wt) or a nonspecific sequence (Spl). Lane 1 depicts a sample treated
without protein. Molecular sizes are indicated in kilodaltons (K). (C) Effect of the ATF/CREB-specific antisera on mobility of ATF-DNA and
E4F-DNA complexes. Affinity-purified ATF or E4F was incubated with labeled probe, 1 ,ul of antiserum 1025 or 1056 was added, and then
the samples were analyzed by gel retardation. The larger arrow indicates the ATF complex reduced in mobility by the antibody. Smaller
arrows indicate the normal positions of the E4F and ATF complexes.

but did not alter binding of ATF. This result clearly defines
a difference in the DNA sequences recognized by the two
factors, since E4F recognition extended 3' to that of ATF
recognition. This finding is also consistent with the distribu-
tion of E4F sites in the adenovirus genome. The only two
E4F sites in the viral genome, sites I and III in the E4
promoter, have a common sequence of TGACGTAAC.
Notably, it is the methylation of the G residue opposite the
3' C that prevents binding of E4F but not ATF.

Finally, we also generated a series of single-base substi-
tutions in the E4F/ATF recognition sequence in an attempt
to further distinguish binding characteristics of the two
factors. Oligonucleotides that differed at four positions in the
recognition sequence were synthesized (Fig. 4A) and used as
competitor DNAs in binding assays for E4F and ATF.
Mutant pml did not bind either factor, and mutant pm3 did
not alter binding of either factor (Fig. 4B and C). In contrast,
mutant pm4 eliminated binding of E4F but did not affect
binding of ATF. This result is consistent with the methyla-
tion interference assays of Fig. 3, that demonstrated a
recognition of the additional 3' sequence by E4F but not
ATF, as well as the DNase footprinting data indicating that
the site not containing the AAC extension (site II) was not
protected by E4F. The pm2 mutation clearly eliminated ATF

binding and reduced E4F binding, although E4F was not as
severely affected as ATF binding. Quantitative analysis of
the competitions indicated that the pm2 mutation reduced
E4F binding threefold as compared with the wild-type se-
quence.

It would appear from the binding analyses of these mu-
tants as well as the natural sequences in the E4 promoter that
the recognition sequences for the two activities (ATF and
E4F) overlap but clearly differ. Most importantly, the only
two locations of this more complex sequence in the adeno-
virus genome are the two sites in the E4 promoter.
The E4F recognition sequence, but not other ATF recogni-

tion sequences, confers ElA inducibility. Previous experi-
ments have shown that the E4F/ATF site I from the E4
promoter not only is necessary for full ElA-induced activity
but also can confer ElA inducibility to a nonresponsive
promoter (25, 26). This finding has been interpreted as
meaning that ATF is a mediator of ElA trans activation.
However, this is the only ATF element that has been
assayed in this way, and thus this conclusion is compro-
mised by the fact that multiple factors recognize and bind to
this sequence in the E4 promoter. We have now made use of
the differences in sequence recognition of the two factors as
detailed in previous sections to define the factor involved in
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FIG. 2. Promoter specificity of ATF and E4F. Affinity-purified
preparations of ATF and E4F were assayed by gel retardation
binding assays using the E4wt probe. Competitions were carried out
by using DNA fragments containing promoter sequences from the
indicated genes, descriptions of which are in Materials and Meth-
ods. Each reaction contained 1 ng of labeled probe and the indicated
amounts of competitor DNA. (A) Competition of E4F binding; (B)
competition of ATF binding; (C) sequence comparison of competi-
tor binding sites. Depicted is the sequence of the ATF/E4F consen-
sus at each site. The actual competitor DNA also contained flanking
promoter sequence as detailed in Materials and Methods.

control. That is, if the ATF factor was indeed responsible for
ElA control, then any of the ATF sites might be expected to
confer inducibility. If, however, E4F was the target of EIA
trans activation, then only the E4F sites, which are a limited
subset of the ATF sites, would confer control. We have
addressed this question by constructing simple promoters
containing either ATF sites or E4F sites upstream of a
TATA element. In this case, we used the TATTTAT se-

quence from the early simian virus 40 promoter since previ-
ous experiments have shown that this element is not respon-
sive to ElA (46). No other promoter elements are present in
these constructs. This strategy thus isolates the E4F/ATF

elements as the only potential targets of ElA trans activa-
tion.
As a first test, we constructed promoters containing du-

plicated ATF recognition sites derived from the E2 pro-
moter, the E3 promoter, and the E4 promoter and used them
to measure induction by ElA. Each promoter will bind the
ATF factor, but only the promoter containing the E4 se-
quences will bind the E4F factor. Each construct was
transfected into Vero cells with or without pElA, a plasmid
expressing the ElA gene. The promoter containing the
E4F/ATF site from the E4 promoter was induced by cotrans-
fection with ElA (Fig. 5A). In contrast, neither the E2 nor
the E3 ATF site was capable of conferring ElA inducibility.
Thus, a promoter that can bind E4F (and ATF as well) is
ElA inducible, whereas a promoter that can only bind ATF
is not. That these promoter constructs containing the E2 or
E3 ATF site were indeed functional was indicated by the
finding that each was inducible by cAMP (Fig. 5B), consis-
tent with the fact that each does bind ATF.
As another test, we constructed promoters with the E4F/

ATF point mutants depicted in Fig. 4A. Again, each site was
duplicated upstream of the simian virus 40 TATTTAT ele-
ment and assayed by cotransfection with an ElA-expressing
plasmid. The wild-type construct was clearly inducible,
whereas, as expected from the binding assays, the pml
mutant was not induced (Fig. 5C). The pm2 mutation, which
eliminates ATF binding and reduces E4F binding, also did
not allow an ElA activation. Finally, the pm4 mutant, which
does not bind E4F but does bind ATF, was not induced by
ElA. Thus, a promoter that can bind E4F (and ATF) is ElA
inducible, whereas a promoter than can bind only ATF is not
induced. An assay of each of these promoter constructs for
cAMP inducibility is shown in Fig. SD. As expected, the
construct containing the wild-type E4F/ATF sites was induc-
ible, whereas the pml mutant, which does not bind either
ATF or E4F, was not. The pm2 mutant also did not respond,
consistent with the failure of this mutant to bind ATF. The
pm4 mutant, which was not inducible by ElA, is responsive
to cAMP, demonstrating that this construct is functional.
From these results, we make the following conclusions. A

tandem pair of elements to which both E4F and ATF can
bind (E4) can confer ElA inducibility. A pair of sites that do
not allow E4F to bind but do allow ATF binding (E2, E3,
pm4) does not confer ElA inducibility. The pm2 mutant,
which is deficient for ATF binding but does bind E4F at a
reduced level, was also nonresponsive. Although more com-
plex explanations are possible, we believe the most likely
reason for this result is the reduced binding efficiency of
E4F.
E4F DNA-binding activity is induced by viral infection. Our

previous results have suggested an increase in E4F DNA-
binding activity as a result of adenovirus infection (41).
However, this conclusion was limited by the fact that these
initial assays used fractionated extracts for the assays, since
it proved to be impossible to detect E4F binding in crude
nuclear extracts because of the presence of high levels of
ATF. Thus, it is possible that E4F binding is not induced but
rather that E4F is altered such that it simply fractionates
differently. The finding that the pm2 mutation did not bind
ATF but did bind E4F at a reduced level (Fig. 4) provided a
mechanism to distinguish these possibilities. That is, we
could assay for E4F in crude extracts by using the pm2 probe
and avoid the interference from ATF binding. This assump-
tion was valid, since no specific binding activity was de-
tected in nuclear extracts of mock-infected cells with the
pm2 probe (Fig. 6). In contrast, a specific complex was
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FIG. 3. DNA-binding specificity of ATF and E4F. (A) DNase footprinting assays. Affinity-purified ATF (+ATF) or E4F (+E4F) was

bound to a probe containing E4 promoter sequences between -224 and +32 and then digested with DNase I as described in Materials and
Methods. The protected sites in the E4 promoter are depicted at the bottom; ATF protects all three sites, whereas E4F protects only sites
I and III. (B) Methylation interference assays. Partially methylated probe containing E4 promoter sequences between -90 and +32 was bound
to affinity-purified ATF or E4F, separated from unbound probe by gel retardation, and processed as described in Materials and Methods.
Analyses of both DNA strands are shown. Lanes B, Bound DNA; lanes F, free DNA. Methylated G residues in the E4F/ATF binding site
that inhibit protein binding (arrows) are depicted at the bottom.

detected with the pm2 probe in the extract of adenovirus-
infected cells. We therefore conclude that adenovirus infec-
tion does indeed result in a stimulation of the level of active
E4F.
E4F forms a stable complex on the promoter. Although

these results demonstrate a clear difference between the E4F
factor and the ATF factor and provide strong evidence that
the regulation of E4F is important for the ElA response, it
remains that both factors can bind to the E4F and ATF sites
in the E4 promoter and that both factors are present in the
infected cell at the time of activation of E4 transcription.
Thus, even with the activation of E4F, how would this factor
occupy the promoter sites rather than the ATF factor?
Moreover, the ATF factor appears to be a rather abundant
nuclear protein and clearly has the capacity to stimulate
transcription in vitro (12). What then would be the advantage

in the induction of the E4F factor? An apparent answer to
this enigma is provided by an analysis of the stability of
DNA protein complexes formed by ATF and E4F as mea-
sured by dissociation rates. This is a simple and straightfor-
ward analysis whereby complexes are formed and allowed to
equilibrate, and then an excess of cold probe DNA is added.
Samples are taken at various times thereafter, and the
remaining complexes are measured by gel retardation. The
ATF complexes were unstable, since there was near-com-
plete loss of complexes after 5 min (Fig. 7). In contrast, the
E4F-DNA complex was very stable, showing little evidence
of dissociation even after 40 min. Thus, even in the presence
of an abundance of the ATF factor, it can readily be seen
that the E4F factor would quickly occupy the E4F-specific
sites in the E4 promoter, since once the factor binds, it
would not readily dissociate.
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FIG. 4. DNA recognition specificity ofATF and E4F. (A) Point mutations in the E4 site I E4F/ATF sequence. Synthetic oligonucleotides
containing single-point mutations in the E4 E4F/ATF site I sequence were cloned into pUC19, excised, and used as competitor DNAs in gel
retardation assays. Only the ATF/E4F consensus sequence is shown. E4.wt, Wild-type E4 sequence; E4.pml, E4.pm2, E4.pm3, and E4.pm4,
point mutants. Mutations are underlined. (B and C) DNA-binding competition assays. Affinity-purified E4F (B) or ATF (C) was bound to the
E4wt probe in the presence of the wild-type or mutant competitor DNAs listed in panel A. Competition was assayed by gel retardation of
remaining DNA-protein complexes. Each reaction contained 1 ng of probe and the indicated amount of competitor DNA.

DISCUSSION
The study of ElA-dependent trans activation of transcrip-

tion has proved invaluable as a system for the analysis of
mechanisms of transcriptional regulation in eucaryotic cells.
Activation of the various viral and cellular promoters by
ElA involves the use of cellular transcription factors that are

undoubtedly important components of various cellular tran-
scriptional control pathways. Thus, an understanding of the
mechanism by which this well-defined viral regulatory pro-
tein alters the activity of a cellular transcription factor will
likely help to elucidate mechanisms of cellular transcription
control. However, as is the case for most transcriptional
control regions, the viral and cellular promoters that are

subject to ElA trans activation utilize multiple transcription
factors for full and efficient transcription. Given the com-

plexity of factors that interact with promoters of polymerase
II-transcribed genes, it is crucial to identify the rate-limiting
factors that are the targets of the activation process, since it

is likely that many of the factors that interact with upstream
sequence elements are not regulated. Although such factors
are important for promoter function, they only complicate
the task of defining a regulatory circuit. This becomes an
even more difficult problem when multiple factors recognize
and bind to the same regulatory sequence.
We believe that the data presented here and in previous

studies (40, 41) provide strong evidence for a role for the
E4F factor in ElA-dependent trans activation of E4 gene
transcription. Specifically, on the basis of the observations
that E4F activation is ElA-dependent, that the kinetics of
E4F activation parallel the activation of E4 transcription
during adenovirus infection, that E4F does stimulate tran-
scription from the E4 promoter in vitro, and that the only
ATF sites unambiguously shown to confer ElA inducibility,
the E4 ATF sites I and III, are the ATF sites to which E4F
binding specificity is limited, we argue that the E4F tran-
scription factor is a likely target of the ElA trans activation
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FIG. 5. Sequence specificity of ElA trans activation. (A) trans activation of promoters containing ATF sites from early adenovirus
promoters. Expression constructs pRE4wt (E4), pRE2ATF (E2), and pRE3ATF (E3), containing tandem repeats of the E4, E2, and E3 ATF
sites, respectively, linked to the CAT gene, were transfected into Vero cells with or without pElA. Extracts were prepared and assayed for
CAT activity. (B) Activation of ATF promoters by cAMP. JEG-3 cells were transfected with pRE4wt (E4), pRE2ATF (E2), and pRE3ATF
(E3) and then induced by addition of dibutyryl cAMP. Extracts were prepared and assayed for CAT activity. (C) trans activation of promoters
containing the E4F/ATF point mutations. Expression constructs pRE4pml, pRE4pm2, and pRE4pm4, containing tandem repeats of the E4
E4F/ATF site point mutant oligonucleotides as described in Materials and Methods, were transfected into Vero cells with or without pElA.
(D) Activation of E4F/ATF site point mutants by cAMP. JEG-3 cells were transfected with pRE4wt or point mutants pRE4pml, pRE4pm2,
and pRE4pm4 and then induced by addition of dibutyryl cAMP. AcCM, Acetylated chloramphenicol; CM, chloramphenicol.

pathway and therefore contributes to the activation of the E4
promoter. This is not to say that E4F is the only factor
targeted in ElA-dependent activation of E4 transcription.
Indeed, a recent report suggests that sequences near the
transcription initiation site may contribute to trans activa-
tion of E4 transcription (25). Regardless of the final com-
plexity, we believe that the assays do clearly identify E4F as
a target in the process of ElA trans activation.
The ElA protein itself is not a promoter-specific DNA-

binding protein (6) and thus most likely must exert its effect
indirectly by modulating the activity of preexisting cellular
transcription factors. It is possible that the ElA protein
could form a heteromeric protein complex with a promoter-
specific DNA-binding protein, as has been suggested by
recent experiments (29), but there is no direct evidence for
such. In the case of E4F, the effect of ElA is an activation of
DNA-binding activity which may involve a change in phos-
phorylation of the factor. Recent experiments have shown
that E4F activity is lost upon phosphatase digestion and that
this activity can be restored by incubation of the phos-
phatase-inactivated factor with an extract of AdS-infected
cells (40). In contrast, an extract of mock-infected cells does
not reactivate E4F. Since there is no reason to believe that
ElA is a kinase, these results suggest that a cellular kinase is
involved and thus may be a target for ElA action.
A complete understanding of the involvement of E4F in

ElA trans activation ultimately requires the isolation of the
gene encoding E4F and the generation of antibodies against
the protein. Regarding this, a recent publication (13) re-
ported the isolation and characterization of cDNA clones
encoding eight different ATF or ATF-like proteins. We note
that one of these clones, ATF-3, encodes a protein with
binding characteristics similar to those of E4F. Binding of
the ATF-3 protein to the E4 ATF site I involves the same
DNA contacts as does E4F binding, as judged by dimethyl
sulfate methylation interference analysis. If this clone does
prove to encode E4F, this would suggest a relationship
between E4F and ATF that goes beyond DNA sequence
recognition, since the ATF-3 clone is related by primary and
secondary structure to the other members of the ATF
family. Of course, this is only speculation at the moment,
and further analyses of this protein are needed to determine
the relationship to E4F. Regardless of whether E4F is
related to the ATF family by amino acid sequence, it clearly
is related by DNA sequence recognition, and thus the
important question remains as to the strategy of the virus, in
the form of ElA control, in targeting one particular member
of a family of factors. If each of these factors can interact
with the sites in the E4 promoter and each can stimulate
transcription, then why should one be targeted by ElA over
the others?

In this regard, an analysis of the activation of the E2F
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FIG. 6. Activation of E4F DNA-binding activity by adenovirus
infection. Extracts were prepared from mock-infected HeLa cells or
adenovirus-infected HeLa cells and assayed for E4F DNA-binding
by gel retardation using the pm2 mutant probe. Assays were carried
out in the absence (-) or presence (+) or cold competitor DNA
(E4wt).

factor has provided an interesting parallel to the activation of
E4F as we describe here and may provide an explanation.
Recent experiments have demonstrated a complexity to the
E2F activation process whereby two events appear to con-
tribute to the final activated form of the factor. There is an
increase in the DNA-binding activity of the E2F factor that
may involve the same mechanism as the activation of E4F
(39). Activation of the DNA-binding activity of both factors
requires ElA function and may involve phosphorylation (1,
40). There is a further change in E2F that allows the factor to
bind to adjacent promoter sites in a cooperative fashion to
form a stable complex (14, 39). This change in E2F binding
is the result of an interaction with a 19-kDa product of the E4
gene with the E2F factor (18, 35). Although the E2F activa-
tion process is more complicated than the activation of E4F
in that two events are required, the final result is the same:
an increase in the level of active factor that forms a stable
promoter complex. Interestingly, the ElA-dependent activa-
tion of the polymerase III TFIIIC transcription factor may
be similar. Two forms of a TFIIIC-DNA complex can be
detected in extracts of uninfected cells. Upon adenovirus
infection, there is an increase in the more slowly migrating
form of the complex. This complex is also more stable, at
least as measured by resistance to increasing ionic strength
(17). Thus, in two cases (E2F and E4F), and possibly a third
(TFIIIC), activation of transcription factors involved in early
adenovirus transcription results in the formation of a factor
that can generate a stable complex with the DNA. Perhaps
this is one strategy of the virus to ensure high levels of
transcription during the lytic infection. In the case of E4F,
one could imagine that this particular factor possesses the

E4F
0 5 10 20 40 min.

-'w'mu.

ATF
0 5 10 20 40min.

i4j4j

FIG. 7. Demonstration that E4F forms a stable DNA complex,
whereas ATF binding is unstable. DNA-protein complexes were
formed with either affinity-purified E4F or affinity-purified ATF and
the E4wt probe. After equilibration, a large excess of cold compet-
itor DNA (E4wt) was added, and samples were removed at the
indicated times and loaded onto a native acrylamide gel that was
already running.

unique ability, among factors that recognize the E4 ATF
sequence, to form a stable DNA complex. If, however, the
factor is present normally in the cell only in very low
amounts, as indicated by our assay, we suggest that adeno-
virus has taken advantage of this circumstance by achieving
an increase in the concentration of the active factor, as a
result of ElA action, so as to efficiently drive factor onto the
E4 promoter.
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