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The ElA gene of adenovirus type 5 encodes a 289-amino-acid (289R) protein that transactivates early
adenovirus promoters. We showed that the 289R protein of the EIA missense mutant gene hr5 is novel in that
it inhibits the wild-type (wt) ElA protein from stimulating transcription from each of the early viral promoters
E2, E3, and E4. Since both the hr5 and wt genes produced similar levels of ElA proteins, the ability of hr5 ElA
to block transactivation was attributed to the replacement of serine by asparagine as position 185. We
confirmed that this single amino acid substitution was responsible for blocking transactivation by showing
equal inhibition with an hr5-wt hybrid ElA gene containing this missense mutation as the only alteration. The
smaller 243R ElA protein of hr5 was not necessary for inhibition. Transcriptional activity from each early
promoter was inhibited by at least 50% when the hr5 and wt ElA genes were present in equimolar amounts;
complete inhibition occurred with a fivefold molar excess of the hr5 gene. Two other ElA missense mutant
genes (hr3 and hr4) with amino acid substitutions in close proximity to that of hr5 failed to block wt
ElA-induced transcription when similarly tested. Also, the hr5 ElA gene failed to impede the pseudorabies
immediate early gene from transactivating the adenovirus E3 promoter, demonstrating that hr5 ElA inhibits
wt ElA activation at the transcriptional, rather than the posttranscriptional, level. Although several
possibilities were considered to account for this inhibition, the most likely is that the nonfunctional hr5 ElA
protein competes with the wt 289R protein for a cellular transcription factor required for transactivation.

Central to knowing how gene expression is controlled in
eucaryotic cells is understanding the mechanism by which
regulatory proteins activate transcription of other genes.
ElA of adenovirus represents one of the few examples of a
regulatory gene that encodes proteins which transactivate
both viral and cellular genes. In adenovirus-infected cells,
ElA gene products facilitate transcription from the promot-
ers of early viral genes (2, 28, 39, 42), as well as certain
cellular genes, such as heat shock and ,-tubulin (29, 50).
Transcription of some cloned cellular genes, including P-
globin and preproinsulin, are also stimulated after introduc-
tion into cells that express ElA proteins (14, 20, 51).
Furthermore, ElA can activate transcription from RNA
polymerase III promoters (13, 23). In contrast to its activat-
ing functions, ElA proteins can also repress enhancer-
stimulated transcription. For example, in the presence of
ElA, transcription is repressed from promoters under con-
trol of the viral simian virus 40, polyoma-virus, or ElA
enhancers (5, 47, 55) or the immunoglobulin heavy chain
enhancer (22). The ElA proteins also play an essential role
in adenovirus transformation (53). Recently, the ElA pro-
teins of a tumorigenic serotype of adenovirus (adenovirus
type 12 [Ad12]) were shown to block expression of class 1
major histocompatibility complex (MHC) genes in both
rodent and human cells (4, 9, 54).
Of the several functions inherent to ElA gene products,

the best understood is transactivation of early adenovirus
promoters. Upon adenovirus type 5 (AdS) infection of HeLa
cells, two overlapping ElA transcripts of 12S and 13S are the
first viral mRNAs synthesized (2, 28). These transcripts are
5' and 3' co-terminal and share the same acceptor splice site
but utilize different donor splice sites (3, 41, 49). In AdS, the
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12S and 13S ElA mRNAs encode 243- and 289-amino-acid
(243R and 289R, respectively) phosphoproteins. These ElA
proteins are identical except that the larger protein contains
an internal stretch of 46 unique amino acids (41). Analysis of
ElA frameshift and splice mutants has demonstrated that
only the 289R ElA protein facilitates transcription from each
of the AdS early promoters (E1B, E2, E3, and E4) (39, 42).
This suggests that the 46R region that is unique to the larger
of the ElA proteins contains information that is essential for
transactivation of early promoters. This concept was rein-
forced by the discovery that three ElA mutants (hr3, hr4,
and hr5) defective for transactivation (2) contain distinct,
single amino acid substitutions located in the unique region
of the 289R ElA protein (16).

Although the mechanism by which the 289R ElA protein
stimulates transcription of early adenovirus promoters is
unknown, several lines of evidence suggest that the ElA
protein interacts with a cellular factor rather than binding
directly to DNA. (i) Binding of a putative cellular transcrip-
tion factor (CTF) to sequences upstream of the adenovirus
E2 promoter is greatly facilitated in the presence of ElA
both in vivo and in vitro (32, 33). (ii) A specific set of
sequence homologies is not observed within the DNA region
5' proximal to the start site of transcription of ElA-inducible
promoters (1). It is important to note that extensive deletion
analysis of the Ad5 E2 and E3 promoter regions has failed to
reveal an ElA-responsive element that can be separated
from promoter elements required for transcription per se (10,
27, 31, 35, 40). (iii) The immediate early (IE) gene of
pseudorabies virus and the X gene of human T-cell leukemia
virus type II are both able to transactivate adenovirus early
promoters (7, 11); it seems unlikely that gene products of
such divergent viruses would recognize a common DNA
sequence. Collectively, these studies support the concept
that one or more cellular factors are intimately involved in
ElA-induced promoter activation.
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In this study, we showed that the 289R protein of the ElA
missense mutant hr5 inhibits the wild-type (wt) ElA protein
from transactivating early viral promoters. Our experiments
also demonstrated that this inhibition occurs at the transcrip-
tional level. Although several possibilities were considered
to account for this inhibition, the most likely is that the
nonfunctional hr5 ElA protein competes with the wt 289R
protein for a CTF required for transactivation.

MATERIALS AND METHODS

Cells and viruses. HeLa monolayer cells were grown in
minimum essential medium containing 8% fetal calf serum.
We grew 293 cells (18) in Dulbecco modified Eagle medium
with 5% fetal calf serum. AdS and host range mutant viruses
(hr3, hr4, and hr5) were propagated as described previously
(16, 21). The ElA deletion mutant virus d1312 (28) was
propagated in 293 cells. HeLa cells in 24-well Linbro plates
(4 x 105 cells per well) were infected at various multiplicities
(see the legend to Fig. 2). Infected cells were labeled after 24
or 48 h with 30 mCi of [35S]methionine (Amersham Corp.;
>600 Ci/mmol) for 1 to 2 h. Labeled extracts (400,000
trichloroacetic acid-precipitable counts) were fractionated
on a 15% polyacrylamide gel (acrylamide-bis, 30:0.8) fol-
lowed by fluorography and autoradiography with Kodak
XAR-5 X-ray film.

Plasmids. Constructions of the following plasmids have
been previously described. p3CAT (pKCAT23) and p2CAT
contain the bacterial chloramphenicol acetyltransferase
(CAT) gene driven by the E3 or E2 promoter of adenovirus
(57); pElA contains the AdS wt ElA gene, and pHR3,
pHR4, and pHR5 contain AdS missense mutant ElA genes
(16); pEKpm975 contains a point mutation which disrupts
the ElA 12S RNA donor splice site (39); pIE (pA79) encodes
the IE gene of pseudorabies virus (25). The ElA double
mutant pHR5-289R was constructed by replacing the SacII-
to-SmaI fragment (base pair [bp] 354 to bp 1007) of pHR5
with the corresponding ElA fragment from pEKpm975;
pHR5-289R synthesizes only the 289R protein of hr5. The
plasmid p4CAT contains the CAT gene driven by the E4
promoter of AdS and was constructed as follows. A plasmid
(pEcoRI-B) containing sequences from the right end of the
AdS genome was digested with EcoRI and AluI, the terminal
345-bp fragment containing the E4 promoter was isolated,
and HindIII linkers were ligated to the AluI end. The CAT
gene was purified as an HindIII-BamHI fragment from
pSV2CAT (17), and the pML-tet plasmid (37) was purified
after digestion with EcoRI and BamHI. The three fragments
(CAT, pML, and E4) were ligated by using standard condi-
tions to generate p4CAT. In p4CAT, the E4 promoter is in
the correct orientation to drive transcription of the CAT
gene. Transformation of Escherichia coli (C600) and purifi-
cation of plasmid DNA were carried out by using standard
procedures (38). Restriction enzyme analysis of plasmid
DNAs from minilysates was by the method of Holmes and
Quigley (24). Isolation ofDNA from agarose gels was by the
glass method of Vogelstein and Gillespie (56).

Transfection and CAT assay. Transfection of plasmid
DNAs into HeLa cells (60 to 80% confluent) was by the
calcium phosphate precipitation method of Graham and van
der Eb (19). In transfections involving two or more plasmids,
pML was added to correct for quantitative differences so
that each plate (100-mm diameter) in a given experiment
received the same total amount of DNA. After approxi-
mately 48 h, the cells were harvested, and a soluble extract
was prepared and assayed for CAT activity as previously

described (17, 57). For standardization, CAT assays were
performed with extracts containing equal amounts of protein
(36). For quantitation of CAT activity, the acetylated forms
of [14C]chloramphenicol were scraped from the silica plates
and counted by liquid scintillation. All experiments were
repeated three to seven times.

Immunoprecipitations. HeLa cells were infected with
adenoviruses in the presence of cytosine arabinoside (2
,ug/ml) (14) and labeled after 36 h with 100 ,uCi of 32p; (New
England Nuclear Corp.) per ml of phosphate-free medium
(GIBCO Laboratories) for 5 to 7 h. HeLa cells transfected
with plasmid DNA (10 ,ug per 100-mm plate) were labeled
after 48 h under the conditions described above. Cells were
washed, and extracts were prepared as previously described
(46). The same number of trichloroacetic acid-precipitable
counts was used in the immunoprecipitation of each extract.
Extracts were incubated with a 1:20 dilution of Ad5 or Adl2
ElA monospecific antiserum produced against bacterially
synthesized Ad5 or Adl2 ElA protein or normal rabbit
serum overnight at 4°C and immunoprecipitated with Staph-
ylococcusaureusaspreviouslydescribed(46). Immunoprecipi-
tated samples were fractionated on 15% polyacrylamide gels
(34), which were fluorographed, dried, and exposed to
Kodak XAR-5 X-ray film.

RESULTS

Delayed appearance of adenovirus late proteins in cells
coinfected with wt and ElA missense mutants. The ElA host
range mutant viruses hr3, hr4, and hr5 are defective for
growth in HeLa cells (21) but can be propagated in 293 cells
which constitutively express El gene products (18). In
mutant-infected HeLa cells, the 12S and 13S ElA RNAs,
which are the only viral transcripts synthesized (2), are
translated into full-length 243R and 289R proteins, respec-
tively (42, 43). The ElA genes of hr3, hr4, and hr5 each code
for a different amino acid substitution in the unique region of
the 289R protein as a result of single point mutations (16)
(Fig. 1).

In the course of coinfecting wt AdS with various ElA
mutants, we noted that the appearance of late viral proteins
seemed to be delayed in the cases of hr5 and hr3. The
diagnostic late viral proteins hexon (II) and penton (III) were
observed after 24 h in HeLa cells infected with wt virus
alone (Fig. 2A, lane 2) or coinfected with d1312 (lane 5), an
ElA deletion mutant which fails to produce ElA products
(28). In contrast, these late proteins were not detected after
24 h in HeLa cells coinfected with wt virus and either hr5 or
hr3 (Fig. 2A, lanes 3 and 4, respectively); however, late
proteins were visualized at 48 h (data not shown). In similar
coinfections, neither the hr4 ElA missense mutant nor the
hr440 ElA truncation mutant, which produces only the
amino-terminal portion of the 289R ElA protein (48), altered
the time cource of appearance of late viral proteins (data not
shown). To verify that the ElA gene products of these
missense mutants were indeed expressed, ElA phosphopro-
teins were immunoprecipitated from infected HeLa cells
(Fig. 2B).
The EIA gene of hr5 inhibits wt ElA from transactivating

early viral promoters. From coinfection experiments, we
inferred that the ElA proteins of hr3 and hr5 may impede the
ability of the wt ElA protein (289R) to facilitate transcription
from early viral promoters and thereby delay the kinetics of
infection. However, these experiments were complicated by
the fact that during infection many viral promoters and gene
products are expressed and that examination of late proteins
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FIG. 1. Representation of the amino acid changes in the ElA proteins of hr3, hr4, and hr5. The E1A mRNAs (13S and 12S) are represented
by the thin lines, with arrows indicating the direction of transcription and open bars designating the proteins they encode (289R and 243R).
The amino acid substitutions in the ElA proteins of hr3, hr4, and hr5 shown here were predicted from the DNA sequence (16). In hr5, a

simultaneous missense mutation occurs in each protein because the altered nucleotide (1229) serves as the middle base of a split codon for
each mRNA that is formed as a result of differential splicing.

represents a stage far removed from activation of early viral
genes. Therefore, we used recombinant plasmids to examine
directly the potential of the host range mutant ElA genes to
interfere with the transactivating ability of the wt ElA gene.

Plasmids containing the CAT gene driven by individual early
adenovirus promoters E2, E3, and E4 (referred to here as
p2CAT, p3CAT, and p4CAT, respectively) are transcribed
when cotransfected into HeLa cells with plasmids containing
wt ElA (pElA), but not host range mutant ElA (pHR3,
pHR4, and pHR5), DNA (16, 57). High levels of CAT
activity were observed when p3CAT was cotransfected with
pElA (Fig. 3A, lane 2) compared with basal levels of CAT
activity obtained with p3CAT alone (lane 1). However, when
increasing amounts of pHR5 were cotransfected with fixed
amounts of pElA and p3CAT, there was a concomitant
decrease in CAT activity before basal levels were reached
(Fig. 3A, lanes 3 to 6). In contrast, a decrease in CAT
activity was not observed when pHR3 or pHR4 was substi-
tuted for pHR5 in similar cotransfections (Fig. 3B, lanes 3 to
6; data not shown). This indicated that, of the three hr ElA
missense genes, only hr5 can compete with the ability of the
wt ElA gene to transactivate the E3 promoter. Likewise,
when these experiments were performed with p2CAT or
p4CAT, only hr5 blocked wt ElA from inducing transcrip-
tion.

Quantitation of these results (Fig. 4) indicated that tran-
scription from each early promoter (E2, E3, and E4) is
inhibited by at least 50% with equimolar amounts of the wt
and hr5 ElA plasmids; complete inhibition of CAT activity
was obtained with a fivefold molar excess of pHR5. The fact
that ElA mRNAs and proteins were readily detected in cells
transfected by pHR3, pHR4, or pHR5 (data not shown)
signified that the inhibition of transactivation observed only
with pHR5 was a consequence of the protein product(s)

synthesized by this ElA missense mutant gene and not a
trivial effect of cotransfecting plasmids.

It is important to note that the single mutation at position
1229 bp is solely responsible for enabling hr5 ElA to
compete with wt ElA for transactivation since a hybrid gene
containing the middle portion of the hr5 ElA coding region
(107 to 1339 bp) and wt ElA flanking sequences was equally
effective in blocking transactivation (data not shown). This
middle portion of the hr5 ElA gene had been completely
sequenced and was shown to contain a transition from G to
A at nucleotide 1229 as the only alteration (16).

It is unclear why the hr3 virus appeared to impede the rate
of viral infection, whereas the hr3 ElA plasmid (pHR3)
failed to inhibit pElA from transactivating the early pro-
moter CAT plasmids. It is possible that more of the hr3 ElA
protein is required to obtain inhibition compared with the
amount of hr5 ElA protein. Perhaps more ElA protein is
expressed after infection than after transfection, which
would explain the discrepancy between infection and trans-
fection with hr3.

The 289R protein of hr5 blocks ElA-mediated transactiva-
tion. The single point mutation in hr5 ElA produces a
different amino acid substitution in the 289R and 243R
proteins (16). These simultaneous missense mutations occur
because the altered nucleotide serves as the middle base of a
split codon for each mRNA that is formed as a result of
differential splicing (41). In the 289R protein of hr5, aspara-
gine replaces serine as the last amino acid in the unique
region (residue 185), whereas in the 243R protein, aspartic
acid replaces glycine as the last amino acid before the unique
region (residue 139) (Fig. 1). Thus, it was not possible to
discern which of the two hr5 ElA proteins inhibits the wt
289R ElA protein from transactivating the early promoters.
Therefore, a recombinant molecule, pHR5-289R, which was
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that pHR5-289R inhibited the wt 289R ElA protein from
inducing transcription from the E3 promoter (Fig. 5A, lanes
4 to 7). In fact, the inhibition curve generated with pHR5-
289R was nearly identical to that obtained with pHR5, which
expresses both ElA missense proteins (compare Fig. SB
with Fig. 4). Verification of ElA expression was by immu-
noprecipitation of both ElA proteins from HeLa cells
transfected with pHR5 (Fig. SC, lane 4) and only the 289R
protein from cells transfected with pHR5-289R (lane 6).
Even though the amino acid substitution in hrS ElA

renders the 289R protein incapable of transactivating early
viral promoters, this mutant protein apparently retains some
partial function which allows it to inhibit the transactivating
ability of the wt ElA protein. Although there are other
possible explanations, this partial function retained by the
289R ElA protein of hr5 likely involves interacting with
(e.g., binding to) and titrating out a CTF.

hr5 ElA does not inhibit the pseudorabies IE gene from
transactivating adenovirus early promoters. The pseudora-

WT HR3 HR4 HR5 A
N A N A N A N A + + + + + + p3CAT
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-289R
-243R
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FIG. 2. Coinfections of AdS wt and host range mutant viruses.

(A) Late viral proteins synthesized in HeLa cells coinfected with wt
and host range mutant viruses. HeLa cells were infected with wt
Ad5 at a multiplicity of infection of 1 and with hr3, hr5, and d1312
viruses at a multiplicity of infection of 2. Cells were labeled 24 h
postinfection with [35S]methionine, and proteins were fractionated
on a 15% polyacrylamide gel. The diagnostic late viral proteins
hexon (II) and penton (III) are indicated. The uninfected control is
shown in lane 1, infection with wt AdS alone is shown in lane 2, and
coinfections with wt Ad5 and hr5, hr3, or d1312 are shown in lanes
3, 4, and 5, respectively. (B) Immunoprecipitation of 32P-labeled
ElA proteins from Ad5 host range mutant-infected cells. Infected
HeLa cells were labeled with 32p,, and ElA proteins were im-
munoprecipitated and fractionated on a 15% sodium dodecyl sulfate-
polyacrylamide gel. The positions of the 289R and 243R ElA
proteins are indicated. Immunoprecipitation was with normal rabbit
serum (lanes N) or monospecific AdS ElA antiserum (lanes A). Cells
were infected with wt Ad5 (lanes 1 and 2), hr3 (lanes 3 and 4), hr4
(lanes 5 and 6), or hr5 (lanes 7 and 8).

capable of expressing only the hrS 289R protein, was con-
structed. This was accomplished by replacing the SacII-to-
SmaI fragment of pHR5 with the corresponding fragment
from pEKpm975. In pEKpm975, a tranversion in the second
base of the 12S intron at nucleotide 975 prevents splicing and
synthesis of the 12S RNA which encodes the 243R protein
but does not alter the 289R protein encoded by the 13S RNA
(39). When pHR5-289R and p3CAT were cotransfected into
HeLa cells, no CAT activity was observed (Fig. SA, lane 3).
However, CAT activity was readily detected upon cotrans-
fection of pEKpm975 and p3CAT (lane 2). This result
established that failure of pHR5 to transactivate early viral
promoters is attributable to the asparigine-to-serine substi-
tution in the 289R protein. Of greatest relevance was the fact

CM- 9 9 9 9v 9

1 2 3 4 5 6

B
+ + + + + p3CAT

+ + + + pEIA

0 0 0.5 2.5 5 10 pHR3

a _ _

1 2 3 4 5 6

FIG. 3. hr5 ElA inhibits the ability of wt ElA to transactivate
the E3 viral promoter. (A) Effect of hr5 ElA on wt ElA-induced
p3CAT activity. HeLa cells were transfected with 5 ,ug of p3CAT
alone (lane 1) or 1 ,ug of pElA (lanes 2 to 6). In lanes 3 to 6,
increasing amounts of pHR5 DNA (1, 2.5, 5, and 10 ,ug, respec-
tively) were also added to the cotransfection. To ensure that each
plate received the same amount of DNA, appropriate amounts of
plasmid pML were added to the cotransfections. CAT assays were
carried out 48 h after transfection. ['4C]chloramphenicol (CM) and
its acetylated forms (AC-CM) are indicated. (B) Effect of hr3 on wt
ElA-induced p3CAT activity. Cotransfections were carried out as

described above except that pHR3 was substituted for pHR5. The
amounts of DNA used were the same as in A except that lane 3
contained 0.5 jig of pHR3 in the cotransfection.

AC-CM
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bies virus IE protein can also transactivate the early promot-
ers of adenovirus (11). We tested whether the hr5 ElA gene
could also block IE protein-mediated transactivation. High
levels of CAT activity were observed when p3CAT was
cotransfected with pIE (Fig. 6, lane 2) compared with basal
levels of CAT activity obtained with p3CAT alone (lane 1).
When increasing amounts of pHR5 were cotransfected with
fixed amounts of pIE and p3CAT, no change in the levels of
CAT activity were observed (Fig. 6, lanes 3 to 6). This is in
sharp contrast to the effect that hr5 ElA has on wt E1A-
induced transactivation. This result rules out the possibility
that hr5 ElA acts at the level of posttranscription, since
CAT activity (i.e., CAT mRNA expression) could occur in
the presence of pHR5. It will be of future interest to
determine whether the separate responses of hr5 ElA to the
wt ElA and IE genes reflect differences in their mechanisms
of transcriptional activation (11, 20, 26).
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hr3 and FIG. 5. The hr5 289R ElA protein alone blocks wt ElA-induced
in close transcription. (A) Effect of hr5 289R ElA protein on wt E1A-
vt E1A- induced p3CAT activity. CAT activity after transfection of HeLa

cells with 5 ,ug of p3CAT alone (lane 1), 1 ,ug of pElA (lane 2), or 10
,ug of pHR5-289R (lane 3). In lanes 4 to 7, p3CAT (5 pg) and pElA
(1 ,ug) were cotransfected with increasing concentrations of pHR5-

pH R 4 289R (1, 2.5, 5, and 10 ,ug, respectively). The amounts of plasmid
DNA used in the cotransfections were made equivalent as described
in the legend to Fig. 3. (B) Quantitation of CAT activity obtained
from cotransfection of p3CAT and pElA with increasing amounts of
pHR5-289R. The acetylated forms of ['4C]chloramphenicol were
quantitated and represent an average of three experiments. (C)

PHR3 Immunoprecipitation of 32P-labeled ElA proteins synthesized in
transfected cells. HeLa cells were labeled with 32p;, and im-
munoprecipitated extracts were fractionated on a 15% polyacryl-

pHR 3 amide gel. Immunoprecipitation was with normal rabbit serum
(lanes N) or monospecific AdS ElA antiserum (lanes A). The
positions of 289R and 243R ElA proteins are indicated. HeLa cells
were transfected with 10 ,ug of pElA (lanes 1 and 2), pHR5 (lanes 3
and 4), or pHR5-289R (lanes 5 and 6).

I pHR5

0

0 1 2 3 4 5 6 7 8 9 10

Amount pHR DNA
FIG. 4. hr5 ElA blocks wt ElA-induced transcription from each

early promoter. HeLa cells were cotransfected with plasmids, and
CAT assays were performed as described in the legend to Fig. 3.
CAT activities were quantitated from the acetylated forms of
['4C]chloramphenicol. For each experiment, the level of CAT
activity induced by wt ElA alone was set as 100%. Represented are
cotransfections with wt ElA and the following: pHR5 with p3CAT
(0), pHR5, with p2CAT (A), pHR5 with p4CAT (0), pHR3 with
p2CAT (0), pHR3 with p4CAT (-), and pHR4 with p3CAT (A).
The values indicating the amount of host range mutant DNA
represent the microgram amounts used in the transfections.

induced transcription when similarly tested. The fact that
each of the hr genes produced levels of ElA protein similar
to that of the wt gene indicated that the inhibition of
transactivation observed only with hr5 was specifically due
to replacement of serine by asparagine at amino acid position
185. It is important to note that the defective 289R protein of
hr5 was capable of inhibiting transactivation in the absence
of the 243R protein, as determined by testing a plasmid
construct (pHR5-289R) which was capable of expressing
only the larger of the two hr5 ElA proteins. We also
discovered that the hr5 ElA protein did not impede the
ability the pseudorabies virus IE protein from transactivat-
ing the E3 promoter-driven CAT gene. From this result it
follows that, since CAT activity (and hence, CAT mRNA)
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FIG. 6. hr5 ElA does not affect the ability of the pseudorabies

virus IE gene to transactivate the E3 promoter. The CAT assay was

performed on extracts of HeLa cells transfected with 5 jig ofp3CAT
alone (lane 1) or combined with 3.4 jLg of pIE alone (lane 2) or
combined with 1, 2.5, 5, or 10 jig of pHR5 (lanes 3 to 6, respec-
tively). The molar equivalents of pIE and pHR5 are 3.4 and 1.0 ,ug,
respectively.

can be produced in the presence of hr5 ElA, hr5 ElA
inhibits wt ElA activation at the transcriptional, rather than
the posttranscriptional, level.

Several possibilities were considered to account for how
the hr5 ElA protein inhibits wt ElA transactivation. First,
since it is not known whether the ElA protein functions as a
monomer or as an oligomer, the possibility exists that the
289R hr5 and wt ElA proteins could form nonfunctional
hetero-oligomers. However, we observed that pHR5 gener-
ated essentially the same inhibition curves ofp3CAT activity
(Fig. 4). when cotransfections were performed with amounts
of pElA well above that required to stimulate maximal CAT
expression (L. C. Webster, G. M. Glenn, and R. P.
Ricciardi, unpublished data). This suggests that, since inhi-
bition by hr5 ElA occurs equally well with an excess of
pElA present, the block in transactivation is unlikely due to
depletion of wt ElA protein in the form of inactive hr5-wt
ElA oligomers. Rather, this argues that some cellular factor
required for transactivation is titrated out regardless of
whether ElA acts as a monomer or an oligomer. However,
there is the caveat that we cannot be certain that the
saturating concentrations of ElA plasmid used in these
cotransfections actually resulted in a concomitant increase
in ElA protein. In other experiments, hr5 ElA inhibited the
wt ElA gene of Adl2 (a divergent serotype) equally from
transactivating the E3 promoter (unpublished data). Al-
though not definitive, this result suggested that the hr5 ElA
protein equally blocks transactivation of the wt AdS and
Adl2 ElA proteins by interacting with the same cellular
factor rather than by simply forming nonfunctional hetero-
oligomers.
A second possibility is that hr5 ElA may function as a

more potent autoregulator than wt ElA (47, 52), which could
diminish expression of the wt ElA proteins. However, this
does not appear to be the case since similar levels of ElA

proteins were detected in cells transfected with either pElA
or pHR5 (Fig. SC); if the hr5 ElA protein were a potent
autoregulator, its own synthesis would be significantly re-
duced compared with that of wt ElA. It is noteworthy that
hr5 ElA can block transactivation of the E3 promoter in 293
cells, in which there is an endogenous pool of cellular ElA
(unpublished data).

Third, it could be argued that the hr5 ElA protein de-
creased the stability of CAT mRNA synthesized from wt
ElA-induced promoters. This is unlikely since p3CAT ac-
tivity induced by pIE was not altered in the presence of
pHR5.
A fourth and highly likely explanation is that the hr5 ElA

protein competes with the wt ElA protein for a CTF that is
involved in transactivation. For example, the hr5 ElA
protein could bind to and titrate out a CTF and thereby
reduce its availability to the wt ElA protein. Although
factors that interact with ElA have never been isolated, a
number of studies (indicated earlier) indirectly suggest their
involvement. Recently, specific transcription factors have
been identified by using in vitro systems. For example, in
addition to RNA polymerase II, four factors (TFIIB, TFIID,
TFIIE, and MLTF) were shown to be required for specific
initiation of transcription from the Ad2 major late promoter
in vitro (6, 44). One of these factors, TFIID, binds to DNA
in the TATA region upstream of the major late promoter
(45), whereas MLTF binds to sequences upstream of the
TATA box (6). These factors may be involved in the
formation of preinitiation complexes before interactions with
RNA polymerase II (8, 12). Most relevantly, Kovesdi et al.
(32, 33) have shown that binding of a cellular factor to
sequences upstream from the E2 promoter of adenovirus is
greatly facilitated in the presence of ElA.
The fact that the 289R ElA protein of hr5 fails to

transactivate early viral promoters but blocks the wt ElA
protein in this capacity suggests that the hr5 protein retains
partial activity such as binding to a putative CTF. Should
this prove true, it would imply that ElA-induced transcrip-
tion involves at least two steps: CTF binding and transacti-
vation. It would also lead to the question of whether ElA
protein sites for putative CTF binding and transactivation
are separate. In this regard, it is interesting that in the yeast
GAL4 protein there appears to be a separation of functions
as revealed by the analysis of amino-terminal derivatives
which were shown to be still capable of binding to specific
DNA sequences upstream of target genes but unable to
activate their transcription (30). The novel property of hr5
ElA described here could prove useful for identifying and
isolating the transcription factors which are postulated to
interact with the ElA protein.

ACKNOWLEDGMENTS

We thank A. Berk (University of California, Los Angeles) for
plasmid pEKpm975, T. Ben-Porat (Vanderbilt University, Nash-
ville, Tenn.) for plasmid pA79 (pIE), and B. Ferguson (DuPont Co.,
Wilmington, Del.) for ElA monospecific antiserum. We are grateful
to R. Weinmann for critical reading of the manuscript and E. Wang
for help with the photography.
G.M.G. was supported by Public Health Service training grant

CA-09171-09 from the National Institutes of Health. This research
was supported by Public Health Service grant CA-29797 from the
National Cancer Institute.

LITERATURE CITED

1. Baker, C. C., and E. B. Ziff. 1981. Promoters and heterogeneous
5' termini of the messenger RNAs of adenovirus serotype 2. J.

VOL. 7, 1987 1009



1010 GLENN AND RICCIARDI

Mol. Biol. 149:189-221.
2. Berk, A. J., F. Lee, T. Harrison, J. Williams, and P. A. Sharp.

1979. Pre-early adenovirus 5 gene product regulates synthesis of
early viral messenger RNAs. Cell 17:935-944.

3. Berk, A. J., and P. A. Sharp. 1978. Structure of adenovirus 2
early mRNAs. Cell 14:695-711.

4. Bernards, R., P. I. Schrier, A. Houweling, J. L. Bos, A. J. van
der Eb, M. ZUlstra, and M. Melief. 1983. Tumorigenicity of cells
transformed by adenovirus type 12 by evasion of T-cell immu-
nity. Nature (London) 305:776-779.

5. Borrelli, E., R. Hen, and P. Chambon. 1984. Adenovirus-2 ElA
products repress enhancer-induced stimulation of transcription.
Nature (London) 312:608-612.

6. Carthew, R. W., L. A. Chodosh, and P. A. Sharp. 1985. An RNA
polymerase II transcription factor binds to an upstream element
in the adenovirus major late promoter. Cell 43:439-448.

7. Chen, I. S. Y., A. J. Cann, N. P. Shah, and R. B. Gaynor. 1985.
Functional relation between HTLV-II x and adenovirus ElA
proteins in transcriptional activation. Science 230:570-573.

8. Davison, B. L., J.-M. Egly, E. R. Mulvihili, and P. Chambon.
1983. Formation of stable preinitiation complexes between
eukaryotic class B transcription factors and promoter se-
quences. Nature (London) 301:680-686.

9. Eager, K. B., J. Williams, C. Breiding, S. Pan, B. Knowles, E.
Apelia, and R. P. Ricciardi. 1985. Expression of histocompati-
bility antigens H-2K, -D, and -L is reduced in adenovirus-12-
transformed mouse cells and is restored by interferon-G. Proc.
Natl. Acad. Sci. USA 82:5525-5529.

10. Elkaim, R., C. Goding, and C. Kedinger. 1983. The adenovirus-2
EIIa early gene promoter: sequences required for efficient in
vitro and in vivo transcription. Nucleic Acids Res. 11:7015-
7117.

11. Feldman, L. T., M. J. Imperiale, and J. R. Nevins. 1982.
Activation of early adenovirus transcription by the herpes virus
immediate early gene: evidence for a common cellular control
factor. Proc. Natl. Acad. Sci. USA 79:4952-4956.

12. Fire, A., M. Samuels, and P. A. Sharp. 1984. Interactions
between RNA polymerase II factors and template leading to
accurate transcription. J. Biol Chem. 259:2509-2516.

13. Gaynor, R. B., L. T. Feldman, and A. J. Berk. 1985. Transcrip-
tion of class III genes activated by viral immediate early
proteins. Science 230:447-450.

14. Gaynor, R. B., D. Hillman, and A. J. Berk. 1984. Adenovirus
ElA protein activates transcription of a non-viral gene intro-
duced into mammalian cells by infection of transfection. Proc.
Natl. Acad. Sci. USA 81:1193-1197.

15. Gaynor, R. B., A. Tsukamoto, C. Montell, and A. J. Berk. 1982.
Enhanced expression of adenovirus transforming proteins. J.
Virol. 44:276-285.

16. Glenn, G. M., and R. P. Ricciardi. 1985. Adenovirus 5 early
region 1A host range mutants hr3. hr4, and hr5 contain point
mutations which generate single amino acid substitutions. J.
Virol. 56:66-74.

17. Gorman, C. M., L. F. Moffat,and B. H. Howard. 1982. Recom-
binant genomes which express chloramphenicol acetyltrans-
ferase in mammalian cells. Mol. Cell. Biol. 2:1044-1051.

18. Graham, F. L., J. Smiley, W. C. Russell, and R. Nairn. 1977.
Characteristics of a human cell line transformed by DNA from
human adenovirus type 5. J. Gen. Virol. 36:59-72.

19. Graham, F. L., and A. J. van der Eb. 1973. A new technique for
the assay of infectivity of human adenovirus 5 DNA. Virology
52:456-467.

20. Green, M. R., R. Treisman, and T. Maniatis. 1983. Transcrip-
tional activation of cloned human ,-globin genes by viral
immediate-early gene products. Cell 35:137-148.

21. Harrison, T., F. Graham, and J. Williams. 1977. Host range
mutants of adenovirus type 5 defective for growth in HeLa cells.
Virology 77:319-329.

22. Hen, R., E. Borrelli, and P. Chambon. 1985. Repression of the
immunoglobulin heavy chain enhancer by the adenovirus-2 ElA
products. Science 230:1391-1394.

23. Hoeffler, W. K., and R. G. Roeder. 1985. Enhancement of RNA
polymerase III transcription by the ElA gene product of ade-

novirus. Cell 41:955-963.
24. Holmes, D. S., and M. Quigley. 1981. A rapid method for the

preparation of bacterial plasmids. Anal. Biochem. 114:193-197.
25. Ihara, S., L. Feldman, S. Watanabe, and T. Ben-Porat. 1983.

Characterization of the immediate-early functions of pseudora-
bies virus. Virology 131:437-454.

26. Imperiale, M. J., L. T. Feldman, and J. R. Nevins. 1983.
Activation of gene expression by adenovirus and herpesvirus
regulatory genes acting in trans and by a cis-acting adenovirus
enhancer element. Cell 35:127-136.

27. Imperiale, M. J., R. J. Hart, and J. R. Nevins. 1985. An
enhancerlike element in the adenovirus E2 promoter contains
sequences essential for uninduced and ElA-induced transcrip-
tion. Proc. Natl. Acad. Sci. USA 82:381-385.

28. Jones, N., and T. Shenk. 1979. An adenovirus type 5 early gene
function regulates expression of other early viral genes. Proc.
Natl. Acad. Sci. USA 76:3665-3669.

29. Kao, H.-T., and J. R. Nevins. 1983. Transcriptional activation
and subsequent control of the human heat shock gene during
adenovirus infection. Mol. Cell. Biol. 3:2058-2065.

30. Keegan, L., G. Gill, and M. Ptashne. 1986. Separation of DNA
binding from the transcription-activating function of a eukary-
otic regulatory protein. Science 231:699-704.

31. Kingston, R. E., R. J. Kaufman, and P. A. Sharp. 1984.
Regulation of transcription of the adenovirus ElI promoter by
EIA gene products: absence of sequence specificity. Mol. Cell.
Biol. 4:1970-1977.

32. Kovesdi, I., R. Reichel, and J. R. Nevins. 1986. ElA transcrip-
tion induction: enhanced binding of a factor to upstream pro-
moter sequences. Science 231:719-722.

33. Kovesdi, I., R. Reichel, and J. R. Nevins. 1986. Identification of
a cellular transcription factor involved in ElA transactivation.
Cell 45:219-228.

34. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

35. Leff, T., J. Corden, R. Elkaim, and P. Sassone-Corsi. 1985.
Transcriptional analysis of the adenovirus-5 EIII promoter:
absence of sequence specificity for stimulation by ElA gene
products. Nucleic Acids Res. 13:1209-1221.

36. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall.
1951. Protein measurement with the Folin phenol reagent. J.
Biol Chem. 193:265-275.

37. Lusky, M., and M. Botchan. 1981. Inhibition of SV40 replication
in simian cells by specific pBR322 DNA sequences. Nature
(London) 293:79-81.

38. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

39. Montell, C., E. F. Fisher, M. H. Caruthers, and A. J. Berk. 1982.
Resolving the functions of overlapping viral genes by site-
specific mutagenesis at a mRNA splice site. Nature (London)
295:380-384.

40. Murthy, S. C. S., G. P. Bhat, and B. Thimmappaya. 1985.
Adenovirus EIlA early promoter transcriptional control ele-
ments and induction by the viral pre-early ElA gene which
appears to be sequence independent. Proc. Natl. Acad. Sci.
USA 82:2230-2234.

41. Perricaudet, M., G. Akusjarvi, A. Virtanen, and U. Pettersson.
1979. Structure of two spliced mRNAs from the transforming
region of human subgroup C adenoviruses. Nature (London)
281:694-696.

42. Ricciardi, R. P., R. L. Jones, C. L. Cepko, P. A. Sharp, and
B. E. Roberts. 1981. Expression of early adenovirus genes
requires a viral encoded acidic polypeptide. Proc. Natl. Acad.
Sci. USA 78:6121-6125.

43. Rowe, D. T., S. Yee, J. Otis, F. L. Graham, and P. E. Branton.
1983. Characterization of human adenovirus type 5 early region
1A polypeptides using antitumor sera and an antiserum specific
for the carboxy terminus. Virology 127:253-271.

44. Sawadogo, M., and R. G. Roeder. 1985. Factors involved in
specific transcription by human RNA polymerase II analysis by
a rapid and quantitative in vitro assay. Proc. Natl. Acad. Sci.

MOL. CELL. BIOL.



ElA MUTANT PROTEIN BLOCKS WILD-TYPE ElA ACTIVITY

USA 82:4394-4398.
45. Sawadogo, M., and R. G. Roeder. 1985. Interaction of a gene-

specific transcription factor with the adenovirus major late
promoter upstream of the TATA box region. Cell 43:165-175.

46. Scott, M. O., D. Kimelman, D. Norris, and R. P. Ricciardi. 1984.
Production of a monospecific antiserum against the early region
1A proteins of adenovirus 12 and adenovirus 5 by an adenovirus
12 early region 1A-p-galactosidase fusion protein expressed in
bacteria. J. Virol. 50:895-903.

47. Smith, D. H., D. M. Kegler, and E. B. Ziff. 1985. Vector
expression of adenovirus type 5 ElA proteins: evidence for ElA
autoregulation. Mol. Cell. Biol. 5:2684-2696.

48. Solnick, D., and M. A. Anderson. 1982. Transformation-
deficient adenovirus mutant defective in expression of region 1A
but not region 1B. J. Virol. 42:106-113.

49. Spector, D. J., M. McGrogan, and H. J. Raskas. 1978. Regula-
tion of the appearance of cytoplasmic RNAs from region 1 of the
adenovirus 2 genome. J. Mol. Biol. 126:395-414.

50. Stein, R., and E. B. Ziff. 1984. HeLa cell f-tubulin gene
transcription is stimulated by adenovirus 5 in parallel with viral
early genes by an ElA-dependent mechanism. Mol. Cell. Biol.

4:2792-2801.
51. Svensson, C., and G. Akusjarvi. 1984. Adenovirus 2 early region

1A stimulates expression of both viral and cellular genes.
EMBO J. 3:789-794.

52. Tibbetts, C., P. L. Larsen, and S. N. Jones. 1986. Autoregulation
of adenovirus ElA gene expression. J. Virol. 57:1055-1064.

53. Tooze, J. (ed.). 1981. Molecular biology of tumor viruses,
revised edition 2. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

54. Vasavada, R., K. B. Eager, G. Barbanti-Brodano, A. Caputo,
and R. P. Ricciardi. 1986. Adenovirus-12 ElA gene reduces
expression of class 1 HLA in transformed human cells. Proc.
Natl. Acad. Sci. USA 83:5257-5261.

55. Velcich, A., and E. Ziff. 1985. Adenovirus ElA proteins repress
transcription from the SV40 early promoter. Cell 40:705-716.

56. Vogelstein, G., and D. Gillespie. 1979. Preparative and analytical
purification of DNA from agarose. Proc. Natl. Acad. Sci. USA
76:615-619.

57. Weeks, D. L., and N. C. Jones. 1983. ElA control of gene
expression is mediated by sequences 5' to the transcriptional
starts of the early viral genes. Mol. Cell. Biol. 3:1222-1234.

VOL. 7, 1987 1011


