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Adenovirus ELA protein and cyclic AMP cooperate to induce transcription factor AP-1 and viral gene
expression in mouse S49 cells. We report that a protein encoded within the viral E4 gene region acts to
counterbalance the induction of AP-1 DNA-binding activity by EIA and cyclic AMP. Studies with mutant
adenoviruses demonstrated that in the absence of E4orf4 protein, AP-1 DNA-binding activity is induced to
substantially higher levels than in wild-type virus-infected cells. The induction is the result of increased
production of JunB and c-Fos proteins. Hyperphosphorylated forms of c-Fos and EIA proteins accumulate in
the absence of functional E4orf4 protein. We propose that the E4orf4 protein acts to inhibit the activity of a
cellular kinase that phosphorylates both the ElA and c-Fos proteins. Phosphorylation-dependent alterations in
the activity of c-Fos, ElA, or some unidentified protein might, then, lead to decreased synthesis of AP-1
components. This E4 function likely plays an important role in natural infections, since a mutant virus unable
to express the E4orf4 protein is considerably more cytotoxic than the wild-type virus.

Adenovirus ElA proteins appear to activate transcription
through multiple mechanisms, including modification of cel-
lular transcription factors, binding to transcription factors,
and causing an increase in the levels of transcription factors.
Modification can be achieved by altering the association of
transcription factors with other cellular proteins. For exam-
ple, the ElA proteins bind to the retinoblastoma protein,
removing it from an association with E2F (4, 11, 12) and
presumably freeing it to activate transcription. Modification
might also be achieved by protein phosphorylation through
ElA-associated kinases (24, 41, 82, 86). Indeed, the phos-
phorylation state of transcription factors TFIIIC, E2F, and
E4F has been reported to be altered in infected cells (3, 36,
67). Physical interaction of ElA with a variety of cellular
transcription factors (TFIID, AP-1, CRE-BP1/ATF2, and
Oct-4) has been reported (37, 45, 53, 74), indicating that ElA
proteins can function within a transcription complex. Fi-
nally, the amount of some cellular transcription factors (e.g.,
AP-1) is increased in the presence ofElA proteins (reviewed
in reference 77).
AP-1, composed of polypeptides encoded by members of

the fos and jun gene families (reviewed in references 16 and
85), has been linked to transcriptional regulation by ElA in
both mouse S49 and human HeLa cells. Originally, it was
noticed that many ElA-inducible viral promoters contain the
cyclic AMP (cAMP)-responsive element CRE, which serves
as a binding site for both the AP-1 and ATF/CREB families
of transcription factors (10, 27, 28, 30, 35, 39, 44, 46, 48, 56,
59, 62, 71). Subsequently it was shown that cAMP can
activate the expression of ElA-inducible viral genes and that
ElA can activate transcription through CRE. Members of
both the AP-1 and ATF/CREB families have been implicated
in mediating the transcriptional activation effect of ElA and
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cAMP (10, 19, 30, 39, 46-49, 57, 59, 60, 65, 72). A link
between transcriptional activation by ElA, cAMP, and
transcription factor AP-1 was established in mouse S49 cells,
in which ElA protein and cAMP cooperate to induce ade-
novirus gene expression and AP-1 DNA-binding activity
with similar kinetics, suggesting that AP-1 activates viral
gene expression (21, 59). Both the 243- and 289-amino-acid
ElA proteins cooperate with cAMP to induce AP-1 activity,
albeit with different efficiencies (22). More recently, de
Groot et al. (19) reported ElA-dependent activation of AP-1
DNA-binding activity in infected HeLa cells. AP-1 DNA-
binding activity is elevated by increased synthesis of AP-1
components in both S49 and HeLa cells. Transient transfec-
tion assays confirm that AP-1 DNA-binding sites can confer
enhanced ElA responsiveness to heterologous promoters
(10, 19, 60, 79). Interestingly, ElA proteins can cooperate
with c-Jun, a component of AP-1, to activate transcription
via AP-1 sites (19). Depending on the promoter construct
tested and the experimental conditions employed, ElA is
also able to repress transcription through AP-1 sites, sug-
gesting that ElA regulates AP-1 activity in a complex
manner (19, 63).
Our previous findings with S49 cells established a role for

cAMP-dependent protein kinase A (PKA) in the induction of
AP-1 activity by ElA and cAMP (59). Similarly, induction of
viral gene expression by these stimuli was dependent on
PKA (21). Both ElA proteins and AP-1 components are
phosphorylated at multiple sites (5, 15, 17, 58, 69, 78, 90).
Alterations in the phosphorylation state by cellular kinases
such as PKA may alter the activity of these proteins. In the
case of ElA protein, mutational analysis has failed to
establish a role for the phosphorylation sites in the transcrip-
tional activation properties of the protein (20, 81). In con-
trast, the phosphorylation state of AP-1 components can
modulate their transcriptional activation potential in both
positive and negative manners. Phosphorylation in a domain
adjacent to the DNA-binding domain prevents DNA binding
and transcriptional activation by c-Jun (8). Increased phos-

5867



5868 MULLER ET AL.

phorylation in the transcriptional activation domain of c-Jun
increases the ability of c-Jun to activate transcription with-
out an effect on its DNA-binding activity (6, 66). Mutational
analysis suggests that phosphorylation sites within the C
terminus of the c-Fos protein are essential for the ability of
c-Fos to negatively regulate its own promoter (64).
The effects of protein phosphorylation on the activity of

AP-1 components led us to search for PKA-dependent
alterations in the phosphorylation of AP-1 constituents and
ElA proteins. In cAMP-treated adenovirus-infected S49
cells, the 289-amino-acid ElA protein and c-Fos protein
accumulated in hypophosphorylated forms. Other phos-
phoproteins, such as JunB, the E1B 55-kDa protein, and the
24-kDa mRNA cap-binding protein (38), were not affected.
Analysis of mutant adenoviruses revealed that hypophos-
phorylation was dependent on a 14-kDa viral protein en-
coded by open reading frame (orf) 4 of the viral E4 transcrip-
tion unit. The results of pulse-chase experiments are
consistent with the interpretation that the E4orf4 protein
inhibits the activity of a cellular kinase which phosphory-
lates both the c-Fos and ElA proteins. In addition to
phosphorylation changes, AP-1 DNA-binding activity was
more strongly induced by cAMP treatment in cells infected
with an E4orf4 mutant virus than in cells infected with the
wild-type virus. Increased AP-1 DNA-binding activity re-
sulted from increased accumulation of AP-1 components
JunB and c-Fos. The concomitant alterations in phosphory-
lation and AP-1 DNA-binding activity raise the possibility
that the two events are related, i.e., altered phosphorylation
might directly or indirectly influence AP-1 activity.

Regardless of the mechanism, we can conclude that the
E4orf4 protein functions to antagonize the induction of AP-1
DNA-binding activity mediated by ElA plus cAMP. This E4
function likely plays an important role in natural infections,
since an adenovirus variant with a mutation in E4orf4 is
more cytotoxic than the wild-type virus.

MATERIALS AND METHODS

Cells, viruses, and infection protocol. S49 cells (obtained
from the University of California at San Francisco Cell
Culture Facility) and BlR cells (a gift from Vincent Groppi,
The Upjohn Company) were grown in suspension culture in
medium containing 10% heat-inactivated horse serum. HeLa
cells and W162 cells (which express adenovirus type 2 E4
proteins; 87) were grown as monolayers in medium comple-
mented with 10% calf serum. Wild-type and mutant viruses
were grown and titrated as described previously (40, 54).
Each experiment was carried out with at least two indepen-
dently grown stocks of virus to ensure reproducibility. The
following mutant viruses used in this study have been
described elsewhere: d1343 (32); d1347 and d1348 (89); d1312
and d1313 (40); d1802 (68); d1327 (80); d1339 (50); d1355, d1356,
d1358, and d1366 (29); and dl1003, dl1006, and d11014 (9).

In general, infections of exponentially growing S49 and
BlR cells were carried out as described previously (59) at a
multiplicity of 20 PFU per cell, as determined by plaque
assay on HeLa cells. However, the titers of some of the E4
deletion viruses had to be determined on E4-complementing
cell line W162. When this was necessary, the wild-type virus
titer was determined in parallel. The plaque yield for wild-
type virus was about 100-fold less on W162 than on HeLa
cells. Therefore, for viruses whose titers had been deter-
mined on W162 cells a multiplicity of 0.2 PFU was em-
ployed. Control experiments were performed to ensure that
viral genes such as ElA and E4 were efficiently expressed.

RNA analyses and DNA band shift assays. The preparation
of nuclear extracts and the analysis of DNA-protein com-
plexes by DNA band shift assay, as well as the sequences of
double-stranded oligonucleotides used for the analysis, were
as described elsewhere (59).
The preparation of cytoplasmic RNA and RNase protec-

tion protocols have been described by Engel et al. (21). The
c-fos probe was a gift from M. Cole, and thejunB probe was
provided by D. Nathans (The Johns Hopkins School of
Medicine).
Nuclear run-on assays were carried out as described by

Greenberg and Ziff (25), with some modifications. S49 nuclei
were prepared (59) and resuspended at a density of 107/100
,ul in solution I (50 mM HEPES [N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid] [pH 7.5], 40% glycerol, 5 mM
MgCl2, 0.1 mM EDTA). A total of 107 nuclei in solution I
were added to 100 ,ul of solution II (50 mM HEPES [pH 7.5],
5 mM MgCl2, 300 mM NaCl, 0.5 mM ATP-CTP-GTP, 1.25
mM dithiothreitol). A total of 150 ,uCi of [a32P]UTP (800
Ci/mmol) was added, and elongation reactions were carried
out for 30 min at 30°C. A 1-,u volume of DNase I (10 mg/ml;
RNase free) was added, and incubation was continued for 5
min at 37°C. Proteins were digested with sodium dodecyl
sulfate [SDS]-proteinase K and phenol extracted, and RNA
was precipitated with 5% trichloroacetic acid in a total
volume of 6 ml for 30 min at 0°C. Nuclear RNA was
collected by filtration onto Millipore GFC filters (0.45-p,m
pore size) and was washed three times with 5% trichloroace-
tic acid and once with ethanol. Filters were incubated for 30
min at 37°C with 4 ,ug of DNase I in 1.5 ml of solution III (20
mM HEPES [pH 7.5], 5 mM MgCl2, 1 mM CaCl2), 45 ,u of
0.5 M EDTA and 140 ,u of 10% SDS were added, and the
RNA was eluted by heating the solution for 10 min at 65°C.
RNA was precipitated with ethanol, suspended in 500 ,ul of
solution IV (10 mM HEPES [pH 7.5], 10 mM EDTA, 0.2%
SDS, 0.1 M NaCl), fragmented by adding 100 pl of 1 M
NaOH and incubation for 10 min at 0°C, and neutralized with
200 ,u of 1 M HEPES (pH 5.6). Linearized and heat-
denatured plasmid DNA was spotted onto Gene Screen Plus
membranes by using a slot blot apparatus. Filters were
prehybidized for 15 min at 70°C in solution V (1% SDS, 300
mM NaCl, 10% dextran sulfate) and heat denatured, and
radiolabeled nuclear RNA was added. Hybridization was
carried out for 4 days at 70°C. Filters were washed once for
15 min at room temperature in 2x SSC (lx SSC is 0.15 M
NaCl plus 0.015 M sodium citrate)-1% SDS, twice for 30 min
each time at 70°C with 2x SSC-1% SDS and a grain of
proteinase K, once for 30 min at 37°C in lx SSC-10 mg of
RNase A per ml, and once for 1 h at 65°C in 2x SSC-1%
SDS. Filters were air dried prior to autoradiography.
Phosphopeptide analysis. Infected S49 cells were labeled

with 32Pi (9,000 Ci/mmol) in phosphate-free medium begin-
ning at S h prior to harvest and treated with cAMP beginning
at 3 h prior to harvest. Labeled 13S ElA proteins were
isolated by excision from SDS-containing polyacrylamide
gels and subjected to tryptic phosphopeptide analysis (90).

Immunoprecipitation and Western blotting (immunoblot-
ting). S49 cells were harvested, washed once with Dulbecco
modified Eagle medium lacking methionine or phosphate,
and resuspended at a density of 107/ml in the same medium
containing 10% serum and 1 mCi of [35S]Translabel (1,000 to
1,350 Ci/mmol) or 1 mCi of 32p; (9,000 Ci/mmol). Cells were
harvested after the appropriate incubation time (see figure
legends), and total cell extracts were prepared in RIPA
buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholic
acid, 0.1% SDS, 50 mM Tris-HCl [pH 8.0]). To obtain
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denatured cell lysates, cells were suspended in 0.5% SDS-
0.1% ,B-mercaptoethanol-50 mM Tris-HCl (pH 8.0), heated
for 10 min to 95°C, and diluted to RIPA conditions. Extracts
were precleared with normal rabbit serum and incubated
with monoclonal antibodies or affinity-purified polyclonal
antiserum. Extracts were incubated with antibodies for 60
min at 4°C, protein A-Sepharose CL4B was added to a final
concentration of 0.1 mg/ml, and antigen-antibody complexes
were harvested by centrifugation after an additional incuba-
tion for 60 min at 4°C. The complexes were washed five
times in RIPA buffer and analyzed by electrophoresis on
SDS-7.5 or 10% polyacrylamide gels as previously described
(43). Potato acid phosphatase treatment was carried out after
immunoprecipitation. Precipitates were washed five times in
RIPA buffer and once in 10 mM PIPES-HCI (pH 6.0) and
incubated in a total volume of 30 ,ul of 10 mM PIPES-HCI
(pH 6.0) in the presence of 5 U of potato acid phosphatase
(Sigma Chemical Co., St. Louis, Mo.) for 15 min at 37°C.
For Western blots, 20 ,ug of nuclear protein was resolved

on SDS-polyacrylamide gels and transferred for 60 min at
4°C and 0.5 A to nitrocellulose filters (0.45-,um pore size;
BA85; Schleicher & Schuell) by using an electroblotting
transfer system. All of the following steps were carried out at
room temperature. Filters were incubated for 60 min in
phosphate-buffered saline (PBS) containing 1% nonfat dry
milk and then for 60 min in the same buffer containing
antibody. Filters were washed twice in PBS and incubated
for 60 min in PBS containing 1% nonfat dry milk and a
secondary antibody linked to alkaline phosphatase. Filters
were washed three times for 15 min each time in PBS and
once with AP buffer (100 mM Tris-HCl [pH 9.5], 100 mM
NaCl, 5 mM MgCl2) and incubated in AP buffer supple-
mented with 5-bromo-4-chloro-3-indolylphosphate toluidin-
ium (15 mg/100 ml) and nitroblue tetrazolium (30 mg/100 ml).
The color reaction was stopped by rinsing the filters exten-
sively in H20.
Monoclonal ElA antibody M73 and c-Fos antiserum, gifts

from E. Harlow (Massachusetts General Hospital) and T.
Curran (Roche Institute of Molecular Biology), have been
described elsewhere (18, 31). JunB antiserum was provided
by R. Bravo (Bristol-Myers Squibb). It is a polyclonal rabbit
antiserum and specific for the JunB protein.

RESULTS

Altered phosphorylation of ELA proteins after cAMP treat-
ment. We previously reported that ElA protein and cAMP
cooperate to induce transcription factor AP-1 in adenovirus-
infected S49 cells (59). S49 cells were employed for these
experiments, since unlike HeLa cells, the more common
adenovirus laboratory host, they are highly responsive to
cAMP. Furthermore, S49 sublines with deficiencies in the
cAMP-triggered signal transduction pathway are available.
One of these cell lines, BlR (7, 14), does not express
cAMP-activated PKA (reviewed in reference 61). Employing
BlR cells, we have previously demonstrated that PKA is
required for induction of AP-1 by ElA plus cAMP. This led
us to determine whether cAMP treatment of adenovirus-
infected cells would lead to changes in the phosphorylation
of proteins such as ElA that are involved in the induction
process. Nuclear extracts were prepared from infected cells
after various periods of cAMP treatment, and ElA proteins
were detected by Western blot analysis. In cells infected
with a virus expressing only the 243-amino-acid ElA protein
(d1347) or only the 289-amino-acid ElA protein (d1348), two
major ElA-specific bands were observed (d1347, 243-1 and
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FIG. 1. Alterations in the phosphorylation of the ElA protein.
(A) S49 cells were infected with wt300, d1347, and d1348 at a
multiplicity of 20 PFU per cell, and cAMP was added for the
indicated periods before harvesting at 24 h after infection. Nuclear
proteins (20 pg) were resolved on an 8% denaturing polyacrylamide
gel, transferred to nitrocellulose filters, and probed with M73, an
ElA-specific monoclonal antibody. ElA-specific bands are desig-
nated (243-1, 243-2, and 289-1 to 289-4). (B) Nuclear extracts were
prepared at 48 h after infection of S49 cells with wt300, d1347, or
d1348 and treated with potato acid phosphatase (PAP) for the
indicated times. (C) For phosphopeptide analysis, 3 P-labeled 13S
ElA proteins were electrophoretically purified from total cell ex-
tracts of untreated or cAMP-treated S49 cells at 24 h after infection
with wt300 and subjected to tryptic digestion. Electrophoresis was
from left (negative) to right (positive), and chromatography was
from bottom to top. The arrows mark the major phosphopeptide that
was not present in ElA protein from cAMP-treated cells.

243-2; d1348, 289-1 and 289-2 [Fig. 1A]). The bands represent
different phosphoforms of the ElA proteins, with the more
highly phosphorylated form migrating slower in the gel
system employed (20, 31, 69, 81). All four bands were
evident in extracts from wild-type (wt300) virus-infected
cells (Fig. 1A, 0-h cAMP). Changes in the mobility of ElA
proteins, indicative of changes in their phosphorylation,
were observed when extracts from cAMP-treated cells were
analyzed. Alterations in the mobility of ElA proteins were
first evident after cAMP treatment for 1 h (data not shown)
and became pronounced by 3 h (Fig. 1A). The intensity of
the bands designated 289-1 and 289-2 decreased after ex-
tended periods of cAMP treatment (see Fig. 2B), while
bands of faster mobility, 289-3 and 289-4 (identified as 289
specific in d1348-infected cells; data not shown), accumu-
lated (Fig. 1A). There also appeared to be a slight increase in
the proportion of less-phosphorylated relative to highly
phosphorylated 243-amino-acid ElA protein (243-1 versus
243-2, Fig. 1). However, the predominant effect of treating

si
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infected S49 cells with cAMP was a decrease in the phos-
phorylation state of the 289-amino-acid ElA protein. Label-
ing with 32Pi demonstrated that all observed ElA forms
contained phosphorylated amino acid residues (data not
shown). Phosphatase treatment of ElA protein from un-
treated and cAMP-treated cells reduced the multiple ElA
species to two predominant bands, corresponding to the
unphosphorylated 243- and 289-amino-acid proteins (Fig.
1B). This confirmed the fact that the different ElA-specific
bands detected in these experiments corresponded to differ-
entially phosphorylated polypeptides.
Analyses of ElA proteins by two-dimensional phospho-

tryptic maps further indicated that the electrophoretic vari-
ants observed after cAMP treatment indeed corresponded to
hypophosphorylated ElA protein (Fig. 1C). Multiple tryptic
phosphopeptides could be identified in ElA proteins ex-
tracted from wild-type virus-infected cells. At least one of
the major phosphopeptides was missing from the ElA pro-
tein extracted 3 h after cAMP treatment, confirming that
ElA becomes hypophosphorylated upon treatment of in-
fected cells with cAMP. We have not identified the amino
acid(s) whose phosphorylation is altered. However, we can
rule out, with a fair degree of confidence, the major phos-
phorylation sites at Ser-89 and -219. Tryptic peptides con-
taining these phosphorylated residues have been identified
previously (20, 81, 83), and spots corresponding to these
peptides were not altered in our experiment.

Various lines of evidence (data not shown) indicate that
PKA activity is required for accumulation of hypophosphor-
ylated ElA protein. (i) Accumulation of hypophosphory-
lated ElA protein was abolished in the presence of H8, a
chemical kinase blocker with marked preference for PKA
(34). (ii) Treatment with TPA, an inducer of PKC but not
PKA, did not induce phosphorylation changes in ElA pro-
tein. (iii) Hypophosphorylated ElA proteins did not accu-
mulate upon cAMP treatment of infected BlR cells, a mutant
subline of S49 cells deficient in PKA activity (7, 14). BlR
cells contained the same four ElA species that were present
in S49 cells prior to cAMP treatment. Thus, while PKA
activity was required for accumulation of hypophosphory-
lated ElA protein, the kinase did not seem to phosphorylate
ElA protein directly to generate the electrophoretic variants
observed in one-dimensional gels.

Altered phosphorylation of ElA requires the adenovirus
E4orf4 product. cAMP might cooperate with ElA proteins to
mediate the efficient expression of another viral gene, which
in turn could influence the phosphorylation state of ElA
proteins. Accordingly, viral mutants were analyzed for the
ability to cooperate with cAMP in the induction of hy-
pophosphorylated forms of ElA protein. In cells infected
with mutant viruses lacking E1B (d1313 and d1339), E2
(d1802), and E3 (d1327) functions, hypophosphorylated forms
of ElA accumulated with kinetics similar to those in wild-
type virus-infected cells (Table 1). In contrast, accumulation
of hypophosphorylated ElA protein was abolished when
infections were carried out with mutant viruses lacking the
E4 gene region (Fig. 2). At least six different E4 proteins can
be translated from seven open reading frames within the E4
gene region; they are termed orfs 1, 2, 3, 3/4, 4, 6, and 6/7
(23, 33, 55, 84; Fig. 2A). To identify which of the orfs
encodes the viral function required for the phosphorylation
change, we evaluated a series of mutant viruses carrying
deletions within the E4 gene region (Fig. 2A). The results for
some viruses are shown in Fig. 2B and summarized in Table
1. All mutants that carried deletions affecting orf4 (d1366,
d11003, and d1358) were unable to cooperate with cAMP in

TABLE 1. Phenotypes of mutant adenoviruses

Hypophosphorylation Increased
Virus Mutated gene AP-1

ElA c-Fos AP-
wt300 None + +
d1347 ElA-289aa + +
d1348 ElA-243aa + +
d1313 ElA/ElB + + -
d1339 E1B + + NDa
d1802 E2 + + ND
d1327 E3 + + ND
d1366 E4 - - +
d11003 E4orf4, 6, 6/7 - - +
d11006 E4orfl, 2, 3, 3/4 + +
d1355 E4orf6 + +
d1356 E4orf6/7 + +
d1358 E4orf4 - - +
d11014 E4orfl, 2, 3, 3/4, 6, 6/7 + +

a ND, not determined.

the induction of hypophosphorylated ElA proteins. One of
these mutant viruses (d1358) carried a 20-bp deletion within
orf4 which did not affect any of the other E4 orfs. Further-
more, orf4 encoded the only E4 product required, since
hypophosphorylated ElA proteins accumulated upon cAMP
treatment of S49 cells infected with d11014 which expressed
orf4 as the only E4 product (Table 1).
We also analyzed the phosphorylation changes of ElA

protein by pulse-chase experiments (Fig. 2C). Two bands
representing different phosphoforms of the 289-amino-acid
protein were evident in d1366- and d1358-infected, cAMP-
treated cells after 10 min of pulse labeling, and the hy-
pophosphorylated band was readily chased into the more
highly phosphorylated form within 1 h. In contrast, only the
hypophosphorylated, faster-migrating form accumulated to
substantial levels in wt300-infected cells, and it was not
chased into a more highly phosphorylated form, even after 2
h. Phosphorylation changes in the 243-amino-acid ElA pro-
tein were not evident. Our data suggest that the accumula-
tion of hypophosporylated 289-amino-acid ElA protein in
infected cells resulted from inhibition of a kinase by the
E4orf4 product. However, we cannot exclude the possibility
that a phosphatase which removed phosphate from newly
synthesized ElA protein was activated. If a phosphatase
was involved, it must have been activated slowly over at
least 1 h, since this was the first time after cAMP treatment
when hypophosphorylated ElA protein was evident.
To determine whether E4orf4 proteins would influence the

phosphorylation of ElA proteins in HeLa cells, the cells
were infected with wt300, d1366, or d1358 and ElA proteins
were analyzed by immunoprecipitation of 35S-labeled ex-
tracts prepared at various times during the infection cycle
(Fig. 2D). Two different phosphoforms of the 289-amino-acid
ElA protein were present in equimolar amounts in d1366-
and d1358-infected cells throughout the time course. In
contrast, the less-phosphorylated form predominated in
wt300-infected cells. Thus, we conclude that the regulation
of ElA protein phosphorylation by E4orf4 is not restricted to
S49 cells and may have a function during the viral life cycle
in HeLa cells. Exogenously added cAMP was not required
to induce hypophosphorylation in HeLa cells, presumably
because they contain constitutively high levels of cAMP
(54a).

Altered phosphorylation of c-Fos protein. We next deter-
mined whether the phosphorylation of other proteins was

J. VIROL.



REGULATION OF AP-1 BY THE ADENOVIRUS E4 GENE 5871

A. A.92 93 94 95 96 97 98 99 100 mu
.I I I I I I I

rrf 4 | 3o rf 2orf1
- 1 - ~~orf 3/4

orf 6
l -orf 6/7{.
___- dd

d,
_ M_NEM*- dI

--omomom- dl
- A14 df

A2 df
a A20 _ _ dl

366
11003
f1 006
11014
1355
1356
f358

E
B.
wt300 dl 366 d/1 003 d/355 df356 df358
0 5 10 0 5 10 0 5 10 0 5 10 0 5 10 0 5 10 hr cAMP

_ 1 289
~~~~~~~~~~ 243

C.
wt300 df366 dl358
0 0.5 1 2 0 0.5 1 2 0 0.5 1 2 hr chase

on_-oo. = 289
-243

D.D.
wt300 dl366 df358
4 8 12 24 4 8 12 24 4 8 12 24 hr p.i.

-11;~ S_.

_--- --_0wo _ON& _bw _ _ _
o-m ~_-ism

--iA = 289
_' b- 243

FIG. 2. E4orf4 is required for hypophosphorylation of ElA
protein. (A) Map of the E4 gene region. The thick black line on top
represents the right-end 91 to 100 map units (mu) of the viral genome
containing the E4 gene region. The direction of transcription is right
to left. The open rectangles represent different orfs within the E4
gene region. Deletions (black boxes) in various E4 mutant viruses
and virus nomenclature are indicated at the bottom. (B) Alterations
in ElA phosphorylation within E4 mutant virus-infected cells. S49
cells were infected with various E4 mutant viruses and treated with
cAMP for the indicated times immediately before harvesting at 24 h
postinfection. Nuclear extracts were prepared, and ElA proteins
were analyzed in a Western blot employing M73 antibody. The dot
marks a protein band of unknown origin. It was observed only in
some experiments and most likely reflects an ElA degradation
product. (C) Pulse-chase analysis. S49 cells were infected with
wt300, d1366, or d1358, and cAMP was added 20 h later. Cells were
labeled for 10 min with [35S]methionine 2.5 h after addition of cAMP
and chased with an excess of unlabeled methionine for 0- to 2-h
intervals as indicated. Total cell extracts were analyzed by immu-
noprecipitation with M73 antibody. The dot marks a band of
unknown origin (see Fig. 3B). (D) HeLa cells were infected with
wt300, d1366, or d1358 and labeled with [35S]methionine for the final
1 h before harvesting at the indicated times. ElA proteins were
immunoprecipitated from total cell extracts with M73 antibody,
resolved on SDS-10% polyacrylamide gels, and visualized by fluo-
rography. The sizes (amino acids) of marker proteins are indicated,
and the dot marks a band of unknown origin.

altered upon cAMP treatment of infected S49 cells. We
observed no alterations in the overall phosphorylation pat-
tern of cellular proteins as analyzed by one-dimensional gel
electrophoresis of 32P-labeled total cell extracts, excluding
the possibility that infection and cAMP treatment led to a
general reduction of protein phosphorylation (data not
shown). The 24-kDa mRNA cap-binding protein was moni-
tored, since its phosphorylation state is known to be altered

wt300 d/358
0 2.5 5 10 20 0 2.5 5 10 20 hr cAMP

.a-: i .*;do] c-fos

C.
+ - - +wt300 + - w

+ + + + cAMP + + c,
- - + + PAP

c-fos =

wt300 dl366 dl 358
0 0.5 1 2 0 0.5 1 2 0 0.5 1 2

vt300
,AMP

h r chase

_ c-fos

FIG. 3. Alterations in c-Fos phosphorylation. (A) Nuclear ex-
tracts were prepared from wt300- or d1358-infected cells after
various periods of cAMP treatment and analyzed for c-Fos protein
in a Western blot employing a polyclonal c-Fos antiserum. (B)
Potato acid phosphatase (PAP) treatment of c-Fos protein in nuclear
extracts of uninfected or wt300-infected S49 cells that were treated
with cAMP as indicated. Bands corresponding to phosphorylated
and dephosphorylated Fos proteins are labeled. (C) Immunoprecip-
itation of c-Fos protein from extracts of 32P-labeled uninfected or
wt300-infected cells prepared in RIPA buffer. Bands corresponding
to c-Fos protein and coprecipitating JunB proteins are labeled. (D)
Pulse-chase experiment. Total cell extracts were prepared from S49
cells infected with wt300, d1366, or d1358; treated for 3 h with cAMP;
labeled with [35S]methionine; and chased in the presence of excess
unlabeled methionine for the times indicated. c-Fos proteins were
then immunoprecipitated by using a polyclonal antiserum.

in adenovirus-infected cells (38), but phosphorylation of the
protein was not influenced by cAMP treatment (data not
shown). Additionally, we observed no changes in the phos-
phorylation of the viral E1B 55-kDa protein (data not shown)
or the JunB protein (see Fig. 3C and SB) when we analyzed
them by immunoprecipitation from 35S- or 32P-labeled ex-
tracts. In contrast, the phosphorylation of the c-Fos protein,
a component of transcription factor AP-1, was altered in
infected and cAMP-treated cells in an E4orf4-dependent
manner. Figure 3A shows a Western blot analysis of c-Fos
protein induced by cAMP treatment in wt300- and d1358-
infected cells. In both cases, c-Fos protein was induced
within 2.5 h of cAMP treatment. With time, the mobility of
the c-Fos protein decreased in d1358- but not wt300-infected
cells, suggesting that more highly phosphorylated c-Fos
protein accumulated in mutant virus-infected cells. Treat-
ment with phosphatase demonstrated that the differentially
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migrating bands indeed corresponded to various phospho-
forms of the c-Fos protein (Fig. 3B), and labeling with 32p
confirmed a reduced level of phosphate incorporation into
c-Fos protein in wt300-infected compared with uninfected or
d1358-infected S49 cells (Fig. 3C and data not shown).
Similar results were obtained in a pulse-chase experiment
iFig. 3D). In d1366- and d1358-infected cells, a portion of the
5S-labeled c-Fos protein could be chased within 30 min into
two more slowly migrating and presumably more highly
phosphorylated forms. In contrast, in wt300-infected cells,
c-Fos could be chased only into the faster migrating of the
two more slowly migrating forms, suggesting that a specific
phosphorylation step was blocked.
Thus, we conclude that phosphorylation of both the c-Fos

and ElA proteins in infected, cAMP-treated S49 cells is
regulated by the E4orf4 protein. E4orf4 protein specifically
altered some, but not other, phosphorylation events, sug-
gesting that only one of multiple kinases (or phosphatases)
was affected. We were not able to determine whether the
alterations in the phosphorylation of c-Fos were dependent
on PKA, since the induction of c-Fos protein itself was
entirely dependent on PKA in S49 cells. c-Fos protein could
not be induced in PKA-deficient cell line BlR or in the
presence of the kinase blocker H8. Furthermore, attempts to
analyze c-Fos protein in HeLa cells failed. Multiple phos-
phoforms of the c-Fos protein were constitutively expressed
at high levels even in uninfected HeLa cells, and no phos-
phorylation changes were observed upon infection. It is
conceivable that the accumulation of a specific hypophos-
phorylated form of the c-Fos protein escaped detection
owing to the presence of additional comigrating phospho-
forms. Alternatively, the c-Fos amino acid residue(s) de-
phosphorylated in S49 cells may not be phosphorylated in
HeLa cells.

E4orf4 regulates the level of AP-1. Since c-Fos is a com-
ponent of AP-1, we determined whether the change in c-Fos
phosphorylation would alter the physical properties of AP-1
or its level of DNA-binding activity. We searched for
changes in the bound half-life of AP-1-DNA complexes or in
binding specificity for a variety of different recognition sites,
but no alterations were observed (data not shown), suggest-
ing that the DNA-binding properties of AP-1 were not
influenced by the phosphorylation events under study. How-
ever, induction of AP-1 DNA-binding activity by cAMP was
altered in E4 mutant-infected versus wild-type virus-infected
cells (Fig. 4). S49 cells were infected with the wt300 or E4
mutant virus, nuclear extracts were prepared after various
times of cAMP treatment, and AP-1 levels were analyzed by
DNA band shift assay. As reported earlier for wt300-infected
cells (59), treatment with cAMP led to a transient increase in
AP-1 DNA-binding activity, which reached maximal levels
around 2.5 to 5 h after addition of cAMP and decreased
thereafter. In contrast, the induced AP-1 activity reached
higher levels and remained elevated for a longer time in cells
infected with viruses lacking the entire E4 gene (d1366) or
E4orf4 (d1358). As in wt300 infections, maximal levels of
AP-1 were induced after 2.5 to 5 h of cAMP treatment but
levels stayed high for at least 24 h, the last time point tested.
The effect was reproducibly somewhat more pronounced for
d1366 than d1358 infections, and it was specific for AP-1
activity since no effect was observed for two other transcrip-
tion factors, MLTF/USF and ATF/CREB. Immunoprecipi-
tation experiments with c-Fos and JunB antisera confirmed
that the induced AP-1 activity was identical in wild-type
virus-infected and mutant virus-infected cells and did not
change during the course of cAMP treatment. The AP-1

wt300 dl 366 df358
0 2.5 5 10 24 0 2.5 5 10 24 0 2.5 5 10 24 hr cAMP

tXJ _ ; _ -~~~~AP- 1

-MATF/URF

I -~~~~~~~~~ATF/CREB

FIG. 4. Induction kinetics of AP-1 DNA-binding activity. S49
cells were infected with wt300, d1366, and d1358 and treated with
cAMP for the indicated periods before harvesting at 24 h after
infection. Levels of AP-1, MLTF, and ATF/CREB DNA-binding
activities were analyzed by band shift assay using appropriate
32P-labeled oligonucleotides and nuclear extracts. For a better
comparison, only the parts of the autoradiograms showing DNA-
bound AP-1, MLTF/USF, or ATF/CREB are reproduced.

activity was composed of c-Fos, JunB, and two Fra proteins
(Fig. 5 and data not shown). We also monitored the induc-
tion of AP-1 in cells infected with the E4 mutant viruses that
had been employed to analyze the alterations in the phos-
phorylation of ElA and c-Fos proteins (summarized in Table
1). All of the mutations which prevented accumulation of
hypophosphorylated ElA and c-Fos proteins also led to
increased accumulation of AP-1 activity in response to
cAMP.

E4orf4 regulates both the accumulation of AP-1 DNA-
binding activity and the phosphorylation of two proteins
involved in its induction: c-Fos and ElA.

Phosphorylation state of c-Fos does not influence binding to
JunB. We have previously shown that the AP-1 activity
induced by cAMP in adenovirus-infected S49 cells contains
c-Fos and JunB proteins (59). Experiments were carried out
to determine whether the phosphorylation state of c-Fos
influences its ability to associate with JunB. 35S-labeled
extracts were prepared, and immunoprecipitations were

performed by using antibodies to JunB- or c-Fos (Fig. 5).
More labeled extract from wild-type virus-infected than
mutant virus-infected cells was employed to generate equiv-
alent amounts of immunoprecipitated proteins (d1358-in-
fected cells contain more c-Fos and JunB; see Fig. 7).
Immunoprecipitation of c-Fos from extracts of wt300 and
d1358-infected cells confirmed that the c-Fos protein in
d1358-infected cells included species with slower mobility on

denaturing polyacrylamide gels than the c-Fos protein from
wt300-infected cells, indicative of a difference in its phos-
phorylation state (Fig. SA). Three JunB-specific polypep-
tides were coimmunoprecipitated with c-Fos. The identity of
the JunB polypeptides was revealed by immunoprecipitation
with a JunB-specific antibody, and all three bands were

shifted into one band by phosphatase treatment, indicating
that they represented different phosphoforms of JunB (Fig.
SB). As expected, the three phosphoforms of JunB coimmu-
noprecipitated with c-Fos antibodies from native, but not
denatured, extracts. All three phosphoforms of JunB were

evident in extracts from both wt300- and d1358-infected cells,
and they coimmunoprecipitated in equal amounts with the
different c-Fos phosphoforms (Fig. SA). Thus, the interac-
tion of c-Fos with the JunB protein was not detectably
altered by the phosphorylation state of the c-Fos protein.
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FIG. 5. Heterodimerization of c-Fos and JunB. (A) Immunopre-
cipitation were performed with a c-Fos antibody using 35S-labeled
total cell extracts from wt300- and d1358-infected cells. Where
indicated, the cells had been treated for 3 h with cAMP prior to
extract preparation. c-Fos, JunB, and Fra-specific bands are la-
beled. As a control, ElA and associated proteins were immunopre-
cipitated from the wt300-infected cell extract by using antibody
M73, and bands corresponding to the EIA (289 [upper band] and 243
[lower band] amino acids) and retinoblastoma proteins (Rb) are
labeled. (B) Denatured or native 35S-labeled total cell lysates were
prepared from cAMP-treated wt300-infected cells, and immunopre-
cipitations were carried out with a JunB- or c-Fos-specific antibody.
Where indicated, immunoprecipitates were treated with potato-acid
phosphatase (PAP) prior to electrophoresis. Bands corresponding to
c-Fos and JunB are labeled.

The data in Fig. 5 also confirmed that phosphorylation of the
JunB protein, at least as analyzed by one-dimensional gel
electrophoresis, was not detectably affected by the E4orf4
mutation.
Mechanism of AP-1 regulation by E4orf4. The increased

accumulation of AP-1 DNA-binding activity in E4 mutant
virus-infected cells could result from alterations in the rate of
transcription or translation of AP-1 components. Alterna-
tively, alterations in the phosphorylation of c-Fos might
change the half-life of c-Fos protein and AP-1 complexes.
Experiments were performed to distinguish among these
possibilities.
RNase protection experiments revealed that c-fos and

junB mRNAs increased to peak levels within 1 h of cAMP
treatment of wild-type or mutant virus-infected cells (Fig.
6A). Both mRNAs returned nearly to basal levels by 3 h after
cAMP treatment of wild-type virus-infected cells. In con-
trast, levels ofjunB mRNA remained elevated for extended
periods after cAMP treatment in E4 mutant-infected cells: at
least 10 h for d1358 and 24 h for d1366. The difference

dl366

0 0.5

lo _

8 hr cAMP
c-myc

-junB
c-fos

0 0.5 1 4 8 hr cAMP
- c-myc

-junB

-c-fos

FIG. 6. mRNA levels and transcription rates ofjunB and c-fos.
(A) Steady-state mRNA levels were measured in an RNase protec-
tion experiment. S49 cells were infected with wt300, d1366, or d1358
at a multiplicity of 20 PFU per cell and treated with cAMP for the
indicated periods before harvesting at 24 h after infection. Cytoplas-
mic RNA was analyzed by using c-fos- and junB-specific probe
RNAs. (B) The transcription rates of the c-fos, junB, and c-myc
genes were measured in a nuclear run-on experiment. Infection
conditions and cAMP treatment were as in panel A.

between the two mutants was reproduced in multiple inde-
pendent experiments and is consistent with the difference
observed for AP-1 DNA-binding activity (Fig. 4). Less c-fos
than junB mRNA was present at all times tested, and the
level of c-fos mRNA also appeared to remain somewhat
elevated for a longer time in d1366-infected cells than in cells
infected with wt300 (compare 3- and 5-h time points, Fig.
6A). However, the effect was much less dramatic than that
observed forjunB mRNA.
We confirmed by nuclear run-on experiments (Fig. 6B)

that the increased accumulation of junB mRNA was the
result of an increased transcription rate of thejunB gene. In
wt300-infected cells, the transcription rates of both the c-fos
andjunB genes were induced to peak levels within 30 min of
cAMP treatment and decreased after 1 h. In d1366-infected
cells,junB and c-fos transcription was also induced within 30
min. However, even though the junB transcription rate was
reduced after 1 h, it remained elevated above basal levels for
at least 8 h, the last time point tested. Transcription of the
c-fos gene remained only slightly above basal levels (1.5-
fold) at 4 h after cAMP treatment was initiated. This mar-

ginal enhancement is consistent with the slight increase
observed for c-fos mRNA levels. Treatment with cAMP had
no effect on c-myc expression, which served as a control.
We next examined the half-life and synthesis rate of the

JunB and c-Fos proteins. The stability of the two proteins
was the same in d1366-, d1358-, and wt300-infected cells (Fig.
3B and data not shown). The rate of protein synthesis was

monitored by labeling cells with [35S]methionine for 10-min
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FIG. 7. Rates of c-Fos and JunB protein synthesis. S49 cells
were infected with wt300, d1366, or d1358 at a multiplicity of 20 PFU
per cell and treated with cAMP for the indicated periods before
harvesting at 24 h after infection. All samples were labeled with
[35S]methionine for the final 10 min before harvesting. Total cell
extracts were prepared and JunB (A) and c-Fos (B) proteins were

immunoprecipitated and analyzed on SDS-10% polyacrylamide gels
subjected to fluorography.

intervals at various times after treatment with cAMP and
then performing immunoprecipitations by using conditions
determined to capture all c-Fos or JunB protein. The total
protein synthesis rate was induced only very mildly by
cAMP and to a similar extent in wild-type and mutant
virus-infected cells (data not shown). The rate of JunB
synthesis was substantially enhanced and maintained at
elevated levels for a much longer time after cAMP treatment
in mutant-infected than in wild-type virus-infected cells (Fig.
7A). Substantially more JunB protein was synthesized at 5
and 10 h after the start of cAMP treatment in mutant-infected
than in wild-type virus-infected cells. The enhanced rate of
JunB synthesis (Fig. 7A) appears to be a direct consequence
of its enhanced mRNA levels (Fig. 6). After 2.5 h of cAMP
treatment, the rate of c-Fos protein synthesis was enhanced
to a greater extent in mutant-infected than in wild-type
virus-infected cells (wt300, 1.5-fold; d1366, 5-fold; d1358,
5-fold [Fig. 7B]). Further, an enhanced level of c-Fos syn-
thesis was maintained for a longer time after cAMP treat-
ment in mutant-infected than in wild-type virus-infected cells
(e.g., compare the 24-h assays for wt300 and d1366, Fig. 7B).
Overall, then, more c-Fos protein is synthesized after cAMP
treatment in mutant virus-infected cells than in cells infected
with wild-type virus.

It is difficult to be certain whether the modulation of c-Fos
by the E4orf4 gene product is due entirely to its modest
effect on transcription. A translational component might also
be involved. It is, nevertheless, clear that the E4 protein
affected JunB accumulation primarily at the level of tran-
scription.

E4orf4 reduces virus-mediated cytotoxicity. It seemed
likely that a persistently high level of a regulatory molecule
such as AP-1 could adversely affect the cell, so we deter-
mined whether the E4orf4 mutant was more toxic than the
wild-type virus. Rat fibroblasts (CREF cells) were employed
for the assay, since they are nonpermissive for adenovirus
type 5, permitting expression of early but not late viral
genes. Cells were infected with d1358 or wt300 and then
assayed for colony formation to assess the number of viable
cells (Table 2). Infection with the wild-type virus reduced the
number of colonies by about 40%. However, the mutant

TABLE 2. E4orf4 protein enhances colony formation
by infected CREF cellsa

No. of colonies
Virus

Expt 1 Expt 2

None 66 79
wt300 40 46
d1358 2 8

a CREF cells were infected at a multiplicity of 1 PFU per cell, and 20 h later
they were trypsinized and replated at a density of 100 cells per 60-mm-
diameter plate. Colonies were stained with Giemsa stain and counted 1 week
later. Mutant virus at a multiplicity of 1 PFU per cell should, in theory, infect
only about 30% of the cells in the culture. However, the mutant virus must
have infected at least 97 and 90% of the cells in experiments 1 and 2,
respectively. The virus probably infects the CREF cells used in this experi-
ment more efficiently than the HeLa cells used to determine viral titers,
producing an effectively higher input multiplicity. Alternatively, it is possible
that many infections proceed through the early phase (which would score in
this assay) but fail to produce a virus yield in HeLa cells.

virus was much more toxic, reducing the colony number by
factors of 10 and 30 compared with the wild-type virus in two
independent experiments.

DISCUSSION

We can draw three main conclusions from this work. (i)
The E4orf4 protein regulates phosphorylation of the ElA
and c-Fos proteins in adenovirus-infected S49 cells. ElA and
c-Fos proteins accumulate in hypophosphorylated forms
upon cAMP treatment of wild-type virus-infected but not
E4orf4 mutant virus-infected cells (Fig. 1 to 3). Accumula-
tion of hypophosphorylated proteins is prevented in the
presence of a chemical PKA blocker or in BlR cells (data not
shown), indicating that PKA is required for the E4orf4-
mediated hypophosphorylation event. The simplest explana-
tion for this requirement is that PKA is needed to induce
transcription of the E4 unit in cooperation with ElA protein
(21) to generate sufficient quantities of the E4orf4 protein
which, in turn, induce hypophosphorylation. However, we
cannot rule out an additional, more direct role for PKA in the
process. E4orf4 protein also regulates the phosphorylation
of ElA in HeLa cells, even in the absence of exogenously
applied cAMP (Fig. 2D). PKA is constitutively activated in
HeLa cells, owing to high endogenous levels of cAMP (54a).
(ii) The E4orf4 protein plays a central role in the regulated
induction of AP-1 DNA-binding activity by ElA and cAMP.
AP-1 DNA-binding levels are higher, and stay elevated for
longer times (24 versus 5 h), in E4orf4 mutant-infected cells
than in wild-type virus-infected cells (Fig. 4). The increase in
AP-1 DNA-binding activity is due to enhanced accumulation
of the JunB and c-Fos proteins. Expression of junB is
modulated at the level of transcription, and c-fos might be
influenced at both the transcriptional and the translational
levels (Fig. 6 and 7). (iii) The E4orf4 protein reduces the
cytotoxic effect of early viral gene expression (Table 2). This
might result from the altered ElA and c-Fos phosphorylation
or the reduction in AP-1 activity, but we have no evidence
for cause and effect beyond the correlation. Such a protec-
tive role could be important in natural infections, in which
adenoviruses maintain long-term associations with their in-
fected hosts.

Induction of AP-1 DNA-binding activity by ElA and
cAMP is a transient process. The degree and duration of the
induction is apparently regulated by the E4orf4 protein,
since AP-1 DNA-binding activity reaches higher levels and
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remains elevated for an extended time after cAMP treatment
in the absence of the E4 product. We observed repeatedly
that AP-1 was induced to even higher levels when the total
E4 transcription unit, rather than just orf4, was deleted.
Conceivably, a second E4 protein contributes to the regula-
tion of AP-1 accumulation. Nevertheless, the process was
clearly dependent on the E4orf4 protein, since increased
accumulation of AP-1 activity was not observed upon infec-
tion with d11014, which contains only orf4 in its E4 region
(Table 1).
Hypophosphorylation and down regulation of AP-1 DNA-

binding activity could not be uncoupled by the use of
mutants (Table 1), and the two events occur simultaneously,
beginning after 1 h of cAMP treatment. Thus, it seems likely
that the hypophosphorylation of some target molecule is
responsible for down regulation of AP-1 by the E4orf4
protein. No E4orf4-dependent change in the overall migra-
tion or phosphate content of total cellular phosphoproteins
was observed, ruling out a global effect on phosphorylation
(data not shown). Further, the phosphorylation states of the
JunB protein (Fig. 5), the adenovirus E1B 55-kDa protein,
and the 24-kDa cap-binding protein (data not shown) were
not detectably altered by the E4orf4 protein. Hypophospho-
rylation has been observed only for the ElA and c-Fos
proteins. Although we cannot rule out a key role for an
unidentified protein that is hypophosphorylated, this corre-
lation raises the possibility that E4orf4 protein-mediated
accumulation of hypophosphorylated ElA and/or c-Fos pro-
teins is directly linked to a reduction in AP-1 DNA-binding
activity. Either ElA, which is responsible for the original
induction of AP-1 activity, or c-Fos, which is a component of
AP-1 activity, might reasonably be expected to play a direct
role in the E4orf4-mediated regulatory process.
The ability of ElA proteins to induce AP-1 DNA-binding

activity could be influenced by its phosphorylation state.
Although it has previously been demonstrated that point
mutations within the major phosphorylation sites of ElA
protein do not affect its ability to activate transcription (20,
81), it is possible that a minor site or combination of sites not
tested is responsible for the effect. Further, as discussed in
the introduction, ElA can activate through multiple mecha-
nisms. Loss of an effect on AP-1 might have been masked by
activation through other pathways. Thus, it would be pre-
mature to rule out a direct role for ElA phosphorylation in
the process.
We favor the hypothesis that the change in c-Fos phos-

phorylation is key to the regulation of AP-1 DNA-binding
levels. In fact, c-Fos may contribute to the differential
regulation of junB and c-fos promoter activities we have
observed (Fig. 6B). It has previously been demonstrated that
c-Fos, as part of AP-1, can activate the expression of a
variety of target genes, including the c-jun gene (13, 52, 75).
c-fos can also negatively regulate its own promoter (73, 75,
88), independently of its ability to bind as part of AP-1 to
AP-1 sites within the c-fos transcriptional control region.
Repression is mediated by the serum response element
within the c-Fos regulatory region and requires C-terminal
amino acids of the c-Fos protein, a domain that is not
required to form active AP-1 complexes (26, 42, 51, 70, 88).
In vitro transcription studies also indicate that the c-Fos
protein contains independent repression and activation do-
mains (1, 2). The c-Fos protein is phosphorylated at multiple
sites, some of which are located in the C terminus of the
protein (5, 17, 58). It is conceivable that the phosphorylation
state of c-Fos differentially influences its repression or
activation function. It has recently been demonstrated that

point mutations which prevent phosporylation in the C
terminus of c-Fos abolish its ability to negatively regulate the
c-fos promoter (72). Perhaps the E4orf4 protein regulates the
phosphorylation status of sites within the transactivation
domain of c-Fos but not in the C-terminal domain involved in
repression. This could lead to an increased transactivation
potential of c-Fos in the absence of E4orf4 protein without
an effect on negative autoregulation. As a consequence, in
E4orf4 mutant virus infections, c-fos transcription would be
transiently induced, while expression of junB could be
enhanced on a continuing basis. In agreement with this
hypothesis, a sequence element resembling the AP-1 motif
has been identified within the promoter of the human junB
gene (76).

This model for regulation of c-Fos activity by phosphory-
lation shows an interesting parallel to the regulation of c-Jun
activity. Two different phosphorylation domains have been
identified within the c-Jun protein. One of the domains is
located adjacent to the DNA-binding domain and, if phos-
phorylated, prevents DNA binding and transcriptional acti-
vation by c-Jun (8). The second domain is contained within
the transcriptional activation domain of c-Jun; when phos-
phorylated, it increases the transactivation potential of c-Jun
without an influence on its DNA-binding activity (6). Phos-
phorylation can be induced by ras and may be mediated by
MAP-1 kinase (66).
Although we cannot definitively rule out the action of a

phosphatase, it seems likely that the accumulation of hy-
pophosphorylated ElA and c-Fos proteins resulted from
inhibition of a kinase. This assertion follows from two
findings. (i) Hypophosphorylated ElA proteins accumulated
rather slowly; fully phosphorylated forms of ElA were still
detectable after 1 h of cAMP treatment, although in reduced
amounts. This suggests that fully phosphorylated ElA pro-
teins were not actively dephosphorylated but rather turned
over within 1 to 2 h owing to their relatively short half-life.
(ii) Pulse-chase experiments show that in wt300-infected
cells both the c-Fos protein and the ElA 289-amino-acid
ElA protein were not phosphorylated to completion during
the chase period (Fig. 2C and 3D). Partially phosphorylated
c-Fos and ElA proteins accumulated during the chase pe-
riod, suggesting that they may be phosphorylated by several
different kinases, one of which is regulated in virus-infected
cells. A cellular kinase could be inhibited by direct binding of
the E4orf4 protein, which would then serve as a negatively
acting regulatory subunit; however, it is equally possible that
the viral protein initiates a cascade of events, leading to
inhibition by a more indirect mechanism. Alternatively,
PKA may play a more direct role in the process than simply
participation in induction of the E4orf4 protein. PKA could
phosphorylate a kinase to regulate its activity or phosphor-
ylate another protein, which in turn could regulate kinase
activity. The adenovirus type 5 E4orf4 protein itself contains
a PKA consensus phosphorylation site, suggesting that it is
a regulatory molecule activated by PKA. It should be noted,
however, that the consensus phosphorylation site is not
conserved in the E4orf4 proteins of all adenovirus serotypes.
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