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The 289-residue (289R) and 243R early region 1A (E1A) proteins of human adenovirus type 5 induce cell
transformation in cooperation with either E1B or activated ras. Here we report that Ser-132 in both E1A
products is a site of phosphorylation in vivo and is the only site phosphorylated in vitro by purified casein
kinase II. Ser-132 is located in conserved region 2 near the primary binding site for the pRB tumor suppressor
and, in 289R, just upstream of the conserved region 3 transactivation domain involved in regulation of early
viral gene expression. Mutants containing alanine or glycine in place of Ser-132 interacted with pRB-related
proteins at somewhat reduced efficiency; however, all Ser-132 mutants transformed primary rat cells in
cooperation with E1B as well as or better than the wild type when both major E1A proteins were expressed.
Such was not the case with mutants expressing only 289R. In cooperation with E1B, the Asp-132 and Gly-132
mutants yielded reduced numbers of smaller transformed foci. With activated ras, all Ser-132 mutants were
significantly defective for transformation and the rare foci produced were small and contained extensive areas
populated by low densities of flat cells. In the absence of E1B, all Ser-132 mutants induced p53-independent
cell death more readily than virus expressing wild-type 289R. These results suggested that phosphorylation at
Ser-132 may enhance the binding of pRB and related proteins and also reduce the toxicity of E1A 289R, thus
increasing transforming activity.

Adenovirus early region 1A (E1A) produces 13S and 12S
immediate-early mRNAs that encode highly similar proteins of
289 and 243 residues (289R and 243R, respectively) which
differ only by an internal 46-amino-acid sequence (4, 6, 58).
E1A polypeptides are acidic nuclear phosphoproteins (30, 64,
83) containing three regions that are highly conserved in all
viral serotypes, CR1, CR2, and CR3 (37). Figure 1 shows that
CR1 (residues 40 to 80) and CR2 (residues 120 to 139) are
present in both 289R and 243R, whereas CR3 (residues 140 to
185) comprises the internal sequence unique to 289R. In com-
bination with adenovirus E1B or activated c-ras, E1A trans-
forms primary rodent cells (24, 39, 65) in a process dependent
mainly on the amino terminus, CR1 and CR2 (16, 35, 38, 43,
44, 54, 66, 69, 81). Transformation results largely from inter-
actions with two classes of cellular proteins (15, 16, 29, 80–82),
including the pRB retinoblastoma tumor suppressor (15, 79)
and related proteins p107 (18) and p130 (1, 19) and the tran-
scriptional coactivator p300 and a related p400 protein (1, 2,
14, 29, 82). Complex formation with p300 and p400 depends on
the amino terminus and a portion of CR1, whereas all pRB-
related proteins interact with a core binding site in CR2 and to
some degree rely on CR1 and the amino terminus (1, 2, 16, 74,
81). E1A proteins are toxic and induce both p53-dependent (9,
46) and p53-independent (68, 70) apoptosis. The major role of
E1B products in transformation is to suppress the cytotoxic
effects induced by E1A, thus allowing the survival of E1A-
transformed cells (62, 78). The mechanism by which cells trans-
formed by E1A and activated ras survive is not understood.
E1A proteins are known to be phosphorylated at several

serine residues. Ser-219 (72, 73) and Ser-89 (12, 71, 72) are
substrates for a Cdk-like protein kinase (10). Ser-96 may also
be phosphorylated under certain circumstances (11). Other
sites also exist in the carboxy-terminal half of E1A products
(72, 77). In addition, there is a potential site at Ser-132 (Ser-
132-Asp-Asp-Glu-Asp-Glu-Glu) which conforms to a consen-
sus casein kinase II (CKII) substrate site (57). It lies just
downstream of the core binding site for pRB-related proteins
(Asp-121-Leu-Thr-Cys-His-Glu) which contains the conserved
Leu, Cys, and Glu residues found in other pRB-binding pro-
teins, including simian virus 40 and polyomavirus large T an-
tigens and the human papillomavirus E7 product (8, 13, 16, 40,
55, 81). All of these proteins also contain one or two phos-
phorylation sites (usually CKII sites) just downstream, suggest-
ing that phosphorylation could affect complex formation. In
the case of E7 proteins, these sites (Ser-31 and Ser-32) are
highly phosphorylated in the high-risk human papillomavirus
serotypes (3, 21, 22, 59). Mutational analysis indicated that
alteration of the E7 sites caused considerable (22) or some (33)
reduction in E7-mediated cell transformation; however, little
effect on complex formation with pRB or activation of E2F
transcription factors regulated by pRB and related proteins
was observed (3, 22, 33, 59). In the case of the E1A 289R
protein, this potential CKII site also lies just upstream of the
CR3 transactivation domain which activates the transcription
of early viral genes and some cellular genes (52, 63). This
region consists of at least two functional subdomains, including
an activation domain (residues 140 to 170) involved in inter-
actions with the TATA-box-binding protein and containing a
zinc finger (42, 75) and a downstream promoter recognition
region required for interactions with transcription factors such
as ATF-2 (45).
In the present study, Ser-132 of E1A proteins was shown to

be phosphorylated by CKII and to play some role in E1A-
mediated cell transformation and cell death.
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MATERIALS AND METHODS

Cell culture, viruses, and plasmids. Human KB cells growing in a-minimal
essential medium were infected with wild-type (wt) or mutant adenovirus type 5
(Ad5) at 35 PFU per cell, as described previously (64, 82). The Ad5 strain used
as the wt was dl309 (36). Some experiments employed mutant pm975, which
produces only 13S E1A mRNA and thus 289R but not 243R (52), or dl520, which
expresses only 12S E1A mRNA and thus 243R but not 289R (27). Additional
mutants included dl1107 (residues 111 to 123 deleted) and dl1109 (residues 128
to 138 deleted) present in either a dl309 or dl520 background (34); pm975/953,
which expresses only 289R containing Gly in place of Ser-132 (43); and dl313,
which contains an in-frame deletion removing the 70 carboxy-terminal residues
of both 289R and 243R (7). Mutants containing Ala, Gly, or Asp in place of
Ser-132 were prepared by site-directed mutagenesis, as described previously (12).
The fidelity of each mutant was confirmed by sequencing and appropriate re-
striction enzyme digestion. Mutations were introduced into plasmid pXC38,
which contains the entire E1A and E1B regions of Ad5 (49), to yield plasmids
pXC132A, pXC132G, and pXC132D. DNAs from these plasmids were used to
rescue mutations into virus (48) by using either a dl309 (mutants ADS132A,
ADS132G, and ADS132D) or pm975 background (mutants pm975/S132A, etc.).
Virus stocks were grown in 293 cells that express Ad5 E1A and E1B proteins
(25). Mutations were also rescued into two other plasmids, pXC13, which was
derived by inserting the E1A region of pm975 into pXC38 to yield a construct
which expresses E1B and E1A 289R only (mutants pXC13/S132A, etc.), and
pH3G-13S, which had been generated previously (43) and expresses E1A 289R
alone (mutants pH3G-13/S132A, etc.). Additional plasmids used in some exper-
iments included pH3G-13/953, containing Gly in place of Ser-132; pH3G-13/936,
containing Gly in place of Glu-126 within the pRB binding core; and pH3G-13/
1112, containing Gly in place of Ser-185 within CR3 (43). pXC89A/96A/132A,
which contains Ala residues in place of the Ser-89, -96, and -132 phosphorylation
sites, was produced by combining DNA fragments from pAD89A96A (12) and
pXC132A. Mutant viruses were also produced by introducing mutations which
eliminate the expression of E1B products (50, 70) into pm975 and Ser-132
mutant derivatives, yielding pm975/E1B2, pm975/S132A/E1B2, etc. dl520/
E1B2 has been reported previously (67).
Radioactive labeling.Mock- and Ad5-infected KB cells were labeled from 8 to

12 h postinfection (p.i.) with 32Pi (3,000 Ci/mmol; New England Nuclear) in 2 ml
of phosphate-free medium or from 10 to 12 h p.i. with 100 mCi of [35S]methi-
onine (1,300 Ci/mmol; Amersham Corp.) in methionine-free medium.
Antiserum and immunoprecipitation. E1A proteins present in cell extracts

prepared in standard RIPA lysis buffer (72) containing 500 mM sodium or-
thovanadate, 50 mM NaF, 1 mM EDTA, and 1 mM b-glycerol phosphate were
purified by immunoprecipitation using 5 ml of concentrated M73 mouse mono-
clonal antibody, which recognizes the E1A carboxy terminus (28), followed by
preparative sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE), as described previously (10, 71). For studies involving the analysis of
E1A protein complexes, immunoprecipitations were carried out with cell extracts
prepared in lysis buffer consisting of 50 mM Tris-HCl (pH 8.5) containing 250
mM NaCl, 1 mM EDTA, 1% (vol/vol) Nonidet P-40, and 100 KIU of aprotinin

per ml and clarified by centrifugation. Extracts were preincubated for 1 h in 150
ml of protein A-Sepharose beads (Pharmacia; resuspended 1 to 2 in lysis buffer)
and then for 2 to 3 h with a similar amount of protein A-Sepharose in the
presence of the appropriate antibody and 2 mg of bovine serum albumin per ml.
Analysis of tryptic peptides by TLC. 32P-labeled E1A proteins were purified by

immunoprecipitation and SDS-PAGE, and after elution, they were digested with
trypsin and oxidized, as described previously (72). Peptides were analyzed by
two-dimensional thin-layer chromatography (TLC) using Polygram CEL 300 thin
layer plates (10).
Analysis of tryptic peptides by HPLC. 32Pi-labeled E1A proteins purified by

immunoprecipitation and SDS-PAGE were extracted and treated with L-(tosyl-
amido 2-phenyl)ethyl chloromethyl ketone (TPCK)-trypsin (Worthington), as
described previously (72). Tryptic peptides were separated on a Waters dual
pump high-performance liquid chromatography (HPLC) system with a 600E
controller using an Ultrasphere octyldecyl silane (C18) reverse-phase column (4.6
by 250 mm) which had been preequilibrated with solution A (5% formic acid in
water). Peptides were eluted from the column by a linear (1 to 63%) gradient of
solution B (5% formic acid in ethanol) for 95 min at a flow rate of 1 ml/min, as
described previously (10). The detection of labeled peptides was achieved by
using an on-line LB507A isotope detector (Berthold).
In vitro phosphorylation of E1A proteins by purified CKII. The 289R E1A

protein was produced in and purified from Escherichia coli, as previously de-
scribed (17, 20), and resuspended in HB buffer (25 mM morpholinepropanesul-
fonic acid [MOPS] [pH 7.2] containing 15 mM EGTA, 15 mM p-nitrophenyl
phosphate, 60 mM b-glycerol phosphate, 15 mMMgCl2, 1 mM dithiothreitol, 0.1
mM sodium orthovanadate, 1% Triton X-100, and 5 mg [each] of leupeptin and
pepstatin per ml). In vitro phosphorylation was carried out in 50 ml of reaction
buffer (20 mM morpholineethanesulfonic acid [MES] [pH 6.8] containing 130
mM KCl, 10 mM MgCl2, and 5 mM dithiothreitol) by using 5 mg of E1A 289R
and 0.2 mg of purified human CKII purified (obtained from Steve Pellech) in
reaction buffer with 1 mM ATP containing 50 mCi of [g-32P]ATP (10.0 mCi/ml;
specific activity, 3,000 Ci/mM; New England Nuclear). The mixture was incu-
bated at 378C for 5 min, and the reaction was stopped by the addition of an equal
volume of double-strength SDS-PAGE sample buffer. Tryptic peptides were
prepared from gel-purified labeled E1A proteins.
Quantitative analysis of E1A-binding proteins. To quantify the binding of

cellular proteins, equal amounts of immunoprecipitates from extracts prepared
by using equal numbers of [35S]methionine-labeled infected KB cells were ana-
lyzed by SDS-PAGE. The amount of each protein was then analyzed by one of
two methods. In the first, dried gels were fluorographed and then submitted to
autoradiography using preflashed Kodak XAR-5 film (41). The intensities of
individual bands were quantified by using a Millipore Corp. Bio-Image densi-
tometer system, as described previously (1, 2). In the second, dried gels were
analyzed with a Fujix Bas 2000 PhosphorImager. Data from five separate exper-
iments were obtained and averaged. The amounts of radioactivity present in
p400, p300, p130, p107, and pRB were determined and then corrected for the
amount of cell extract by using the band density of a nonspecific species migrat-
ing to about 75 kDa. Previous studies had indicated that because of the consid-
erable excess of E1A proteins in infected cells, complex formation was indepen-
dent of small variations in E1A products (1).
Transformation of primary baby rat kidney cells. Transformation assays were

carried out with primary baby rat kidney cells prepared from 6-day-old Wistar
rats, as described previously (12). Cells were transfected with 5 mg of DNA from
each of the following plasmids containing wt or mutant E1A sequences: pXC38,
containing genomic E1A and E1B, pXC13, which expresses only the 289R E1A
product plus E1B; and a combination of pH3G which expresses only 289R plus
pEJras, which expresses activated p21Ha-ras (11). Five separate experiments using
independent DNA preparations were carried out. The numbers of foci on each
plate were counted, and the data were used to analyze the efficiency of trans-
formation relative to that of wt.
Cell viability assays.Mouse 10(1) cells, which fail to express p53 (31), growing

in 24-well plates in Dulbecco’s modified Eagle medium supplemented with 10%
fetal calf serum were infected at about 80% confluence with wt or mutant Ad5.
At various times after infection, adherent and nonadherent cells were pooled and
viability was assessed by trypan blue exclusion. At least 300 cells were counted at
each time point.
Measurement of E1A-mediated transactivation of adenovirus E2, E3, and E4

promoters. Transactivation assays using NIH 3T3 or CHO cells plated at a
density of 2 3 105 cells on 60-mm-diameter dishes were performed. Reporter
plasmids containing one of the Ad5 promoters, E2, E3, or E4, upstream of the
chloramphenicol acetyltransferase (CAT) gene included E2-CAT, pKCAT23
and E4-CAT, respectively (76). Transient cotransfections were performed by the
calcium phosphate precipitation method (26) using 2.5 mg of reporter plasmid
DNA and 2.5 mg of DNA from plasmids expressing wt or mutant E1A products.
Plasmid pSV2CAT (23) was used as a positive control. In addition, 3 mg of
RSVb-Gal plasmid (60) was included to allow the normalization of transfection
efficiency by measuring b-galactosidase activity. NIH 3T3 cells were glycerol
shocked after 12 h and then harvested 36 h later. CAT assays using cell extracts
containing equal amounts of b-galactosidase activity were performed essentially
as described by Gorman et al. (23). The amount of activity was quantified from
TLC plates by using a Fujix Bas 2000 PhosphorImager.

FIG. 1. E1A protein structures and phosphorylation sites. The illustration of
the Ad5 E1A protein shows the positions of CR1, CR2, and CR3 (residue
numbers shown above) and sites of phosphorylation (P) at serine (S) residues
(see text). Below are shown the 289R and 243R proteins, with an expansion of
the regions defined by tryptic peptides T4A (from 289R [residues 106 to 155) and
T4B (from 243R [residues 106 to 139 linked to 186 to 205 because of splicing of
the 12S mRNA]). p, position of Ser or Thr residues which represent potential (?)
phosphorylation sites. The CKII consensus substrate sequence is underlined.
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RESULTS

Analysis of E1A tryptic phosphopeptides by HPLC. Previous
studies (72) have indicated that Ad5 E1A proteins are phos-
phorylated at multiple serine residues, including a major site,
at Ser-219, present within tryptic peptide T11 (residues 216 to
223). Figure 2A shows tryptic peptides obtained from wt Ad5-
infected KB cells labeled with 32Pi and analyzed by HPLC
using reverse-phase chromatography. As shown previously,
peptide T11 eluted at about 30 to 35 min as the major peak
(peak II) and a small amount of free phosphate eluted imme-
diately at 2 to 3 min as peak I (72). Labeled material also
eluted at about 82 to 95 min (peak IV) in the position shown
for some of phosphorylated peptide T2 (residues 3 to 97),
which contains phosphorylation sites at Ser-89 and possibly
Ser-96 (10, 11). (Earlier studies had indicated that most of the
phosphorylated form of T2 peptide remained bound to the
column, whereas unphosphorylated T2 eluted much earlier
[71, 72].) Figure 2A shows that additional labeled material
eluted between 60 and 75 min (peak III). Previous studies in
which 32P- and [35S]methionine-labeled E1A tryptic peptides
were sequenced by automated Edman degradation suggested
that the peak III species might originate from peptide T12
(residues 224 to 258), which contains multiple potential phos-
phorylation sites (72). To analyze the origin of peak III further,
E1A tryptic phosphopeptides were examined from mutant
dl313, which lacks residues 220 to 289 and thus all of T12 and

a portion of T11. Figure 2B shows that the T11 peak II phos-
phopeptide was relatively poorly labeled and eluted earlier (20
to 25 min) than that from the wt (Fig. 2A). Peptide T11 from
the wt consists of Arg-Pro-Thr-Ser-219-Pro-Val-Ser-Arg, where-
as in dl313 the deletion alters the sequence to Arg-Pro-Thr-
Ser-219-Leu-Arg-STOP (7). Thus, it was not surprising that
the times of elution of these two peptides differed or that, as
Ser-219 is phosphorylated by a Cdk-like protein kinase (10)
which requires Pro immediately downstream (57), phosphory-
lation in dl313 was less efficient than that in the wt. Phosphor-
ylation of the peak IV T2 peptide was similar to that of the wt,
as was that of the peak III peptide. Thus, peak III could not
have originated from T12, which is absent in the E1A products
of dl313. To examine the origin of this material further, E1A
tryptic phosphopeptides were studied by using mutant dl520,
which produces only the 243R E1A product, and two E1A
deletion mutants present in the dl520 background. Figure 2C
shows that dl520 yielded a pattern virtually identical to that of
the wt (Fig. 2A). However, dl1107/520, which lacks residues
111 to 123, yielded normal T11 (peak II) and T2 (peak IV)
peptides, but peak III eluted for the most part at 50 to 60 min,
with only low levels appearing at the normal elution time of 60
to 75 min. These results suggested that most of peak III must
originate from a tryptic peptide containing amino acids 111 to
123 but that the phosphorylation site(s) is not present within
these 13 residues. Figure 1 shows that amino acids 111 to 123
are present within a tryptic peptide, T4, that starts at residue
106 but differs in 289R and 243R at the carboxy-terminal end
because of the unique splice donor site in the 12S E1A mRNA.
In 289R, tryptic peptide T4A results from cleavage at Arg-155,
which is present within CR3. In 243R, tryptic peptide T4B
contains resides 106 to 139, which, because of the 12S mRNA
splicing pattern, are linked directly to residues 186 to 205.
Apart from Ser-111 and Thr-123, which are within the dl1107
deletion, the only other potential phosphorylation site is at
Ser-132, which lies in the context of a consensus substrate site
for CKII (57). In the case of T4B, in addition to Ser-132, other
potential sites are present at Ser-188 and Thr-204. Previous
studies involving the sequencing ofHPLC-purified [35S]methio-
nine- and 32P-labeled E1A tryptic peptides by automated Ed-
man degradation had identified both T4A and T4B and suggest-
ed that they were not phosphorylated. However, as described
above, our finding that with T2, phosphorylation can induce a
major change in the time of elution left open the possibility
that Ser-132 might be phosphorylated. To examine this possi-
bility more directly, E1A tryptic phosphopeptides were exam-
ined by using mutant dl1109, which lacks residues 128 to 138.
Figure 2E shows that the T11 (peak II) and T2 (peak IV)
peptides were present at levels comparable to those of wt dl520
(Fig. 2C), but only a small amount of material was eluted at 60
to 75 min in the position of peak III. These results suggested
that much of peak III from the 243R E1A protein originated
from peptide T4B and that Ser-132 appeared to be the major
phosphorylation site within this peptide. Therefore, the small
amount of material which did elute at 60 to 75 min may derive
from another as-yet-unidentified peptide.
Analysis of E1A tryptic phosphopeptides by TLC. Tryptic

phosphopeptides from the 243R E1A protein encoded by
dl520 were analyzed by two-dimensional TLC. Figure 3A (top)
shows that phosphopeptide T11 from wt dl520 migrated toward
the cathode as a single major species, whereas T2 appeared as
a collection of species, as found previously (10, 11). In addition
to several minor species of unknown origin, two or more major
phosphopeptides which we believe represent 32P-labeled T4B
were also observed. Multiple species could arise from T4B by
incomplete oxidation, partial trypsin digestion, or the presence

FIG. 2. Analysis of E1A tryptic phosphopeptides by HPLC. E1A proteins
labeled with 32Pi were isolated by immunoprecipitation and SDS-PAGE, and
tryptic peptides were analyzed by HPLC, as described in Materials and Methods.
The amount of radioactivity is shown on the ordinate, and the time of column
elution (in minutes) is shown on the abscissa. (A) wt dl309; (B) dl313; (C) dl520;
(D) dl1107/520; (E) dl1109/520.
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of multiple phosphorylation sites. Figure 3A (middle) shows
that with dl1107, which lacks residues 111 to 123 within T4B,
these species were still well labeled, although they did not
appear to migrate as far from the origin as did corresponding
forms in the wt. The remaining phosphopeptide pattern was
similar to that of the wt. These results paralleled those ob-
tained by HPLC (Fig. 2D), suggesting that these forms origi-
nate from peptide T4B. With dl1109/520, which lacks resides
128 to 138 and thus Ser-132, these species were absent (Fig.
3A, bottom), although there was evidence of two or three novel
species which could represent minor phosphopeptides more
highly labeled in this experiment or modified peptide T4B
phosphorylated at other sites (see below). Nevertheless, these
results also indicated Ser-132 was a site of phosphorylation.
Figure 3B (top) shows that with wt dl309, which produces

both 289R and 243R in addition to the two species believed to
represent T4B, a novel peptide which appeared to originate
from peptide T4A was also present. By using dl1107 (Fig. 3B,
middle), both this species and the T4B peptides migrated
closer to the origin, as would be expected as portions of pep-
tides T4A and T4B were deleted. With dl1109, which lacks
Ser-132, none of these species were apparent. These results

suggested that these peptides corresponded to T4A and T4B
and that Ser-132 was a site of phosphorylation in both.
Analysis of E1A tryptic phosphopeptides from Ser-132 mu-

tants. To determine if Ser-132 is phosphorylated, 32P-labeled
E1A tryptic peptides were analyzed from cells infected with
either pm975, which produces only 289R (52), and pm975/953,
which produces only 289R containing Gly in place of Ser-132
(43). Figure 4A (top) shows that wt pm975 yielded a pattern
similar to that of wt dl309, except that the species believed to
originate from T4B and to be present only in 243R were ab-
sent. In addition to peptides T11, T2, and T4A, two additional
minor species which we have recently shown to originate from
novel sites in the 289R E1A protein (77) were apparent. Figure
4A (bottom) shows that pm975/953 yielded a similar pattern,
except that the species believed to originate from T4A was
totally absent. These results confirmed both the identity of
peptide T4A on TLC and the fact that Ser-132 is the only site
of phosphorylation within T4A. To examine phosphorylation
at Ser-132 in both 289R and 243R, mutants were produced in
a dl309 background in which the codons for Ser-132 were con-
verted to Ala (AD132A), Gly (AD132G), or Asp (AD132D).
Figure 4B (top left) shows again the pattern obtained with wt
dl309, in which the T4A peptide was present as a single species
whereas the proposed T4B peptide migrated as two or more
forms. The patterns produced by all of the Ser-132 mutants
(Fig. 4B) were similar. As with pm975/953 (Fig. 4A, bottom),
the 32P-labeled species corresponding to T4A was not de-
tected. In each case, a cluster of species presumably represent-
ing peptide T4B was also present. These results suggested that
Ser-132 was the only site of phosphorylation in the T4A pep-
tide from 289R; however, with T4B from 243R, at least one
additional site must exist, as suggested above by the results
with dl1109/520 (Fig. 3A, bottom).
Ser-132 is phosphorylated by CKII. Because Ser-132 exists

adjacent to a series of six acidic residues in a classic CKII
substrate consensus sequence (Fig. 1), we determined if CKII
could phosphorylate this site in vitro. E1A 289R protein syn-
thesized in and purified from E. coli was incubated with puri-
fied CKII in the presence of [g-32P]ATP, and tryptic peptides
were prepared and analyzed by TLC. Figure 5B shows that a
single 32P-labeled species which migrated to the position of
peptide T4A labeled in vivo in pm975-infected KB cells (Fig.
5A) was evident. Its identity as T4A was confirmed by analyz-
ing a mixture of in vitro- and in vivo-labeled samples (Fig. 5C).
Thus, CKII is probably the protein kinase that phosphorylates
Ser-132 in vivo.
Importance of the Ser-132 phosphorylation site in E1A pro-

tein complex formation. E1A-mediated cell transformation re-
quires the formation of complexes with several cellular pro-
teins, including p300 and a related p400 protein and pRB and
related polypeptides, p107 and p130. To determine if phos-
phorylation at the downstream Ser-132 site affects such inter-
actions, complex formation by E1A proteins with mutations
affecting Ser-132 was measured, as described previously (1, 2).
Figure 6 shows one of several SDS-PAGE analyses of immu-
noprecipitates prepared under mild conditions by using E1A-
specific M73 antibodies and extracts from [35S]methionine-
labeled KB cells infected with wt or mutant Ad5. The amounts
of each E1A-binding protein were quantified from dried poly-
acrylamide gels or autoradiographs (such as that shown in Fig.
6) and expressed as percentages of wt levels. Table 1 summa-
rizes the results of seven such experiments which examined
E1A complex formation by Ser-132 mutants. All mutants in-
teracted with p300 and p400 at levels similar to those of the wt.
This result was not surprising, as these proteins interact with
the amino terminus and CR1 and have little or no requirement

FIG. 3. Analysis of tryptic phosphopeptides of E1A proteins by TLC. E1A
proteins isolated from KB cells infected with dl520 (A), dl309 (B), or mutant
derivatives and labeled with 32Pi were purified by immunoprecipitation and
SDS-PAGE and treated with trypsin, as described in Materials and Methods.
The resulting tryptic peptides were separated by TLC, and phosphopeptides
were detected by autoradiography. The positions of peptides T11, T2, T4A, and
T4B (see text) as well as that of the origin (O) are indicated. Chromatography
was from bottom to top, and electrophoresis was from right to left, with the
cathode at the right.

5376 WHALEN ET AL. J. VIROL.



for CR2 (1, 2, 16, 81). In the case of mutants in the dl309
background which express both 289R and 243R, the interac-
tions with p107 were similar in all cases. However, the binding
of both pRB and p130 was reduced by 22 to 34% for the
Gly-132 and Ala-132 mutants (ADS132G and ADS132A), al-
though that of the Asp-132 mutant (ADS132D) was similar to
that of the wt. In the case of mutants in the pm975 background
which express 289R only, including pm975/953, which was gen-
erated by others and contains Gly-132 (43), the binding of

pRB, p130, and p107 was reduced by 17 to 30% for the S132A
and S132G mutants; with the S132D mutant, interactions were
only modestly affected. Thus, conversion of the Ser-132 site of
the E1A 289R protein to Gly or Ala (but apparently less so to
an acidic Asp residue) appeared to reduce the binding of all
pRB-related proteins by about 20 to 30%.
Effects of Ser-132 mutations on E1A-mediated cell transfor-

mation. To determine if E1A transforming activity is affected
by the reduction in complex formation with pRB-related pro-
teins or some other effect resulting from the alteration of the
Ser-132 phosphorylation site, transformation assays using pri-
mary baby rat kidney cells transfected with DNA from plas-
mids expressing wt or mutant E1A and E1B were conducted.
Table 2 shows that all Ser-132 mutants actually transformed
somewhat more efficiently than did the wt. These results sug-
gested that elimination of the phosphorylation site at Ser-132,
at least under the conditions employed, did not affect E1A-
mediated cell transformation. An independent study by an-
other group also showed that an Ala-132 E1A mutant was able
to transform rodent cells (53). However, an additional study
reported that an E1A plasmid expressing only the 289R pro-
tein containing Gly-132 was defective for transformation in
cooperation with activated c-Ha-ras (43). These different out-
comes could have resulted from differences in experimental
conditions, including the use of ras instead of E1B or the
expression of 289R alone rather than expression of both E1A
products. To clarify this discrepancy, we introduced our Ser-
132 mutants into plasmid pXC13, which expresses E1A 289R
only plus E1B, and pH3G-13, which expresses 289R alone in

FIG. 4. Analysis of phosphopeptides from E1A 289R and from Ser-132 mu-
tants by TLC. E1A tryptic phosphopeptides were prepared from KB cells in-
fected with the wt or Ser-132 mutants and labeled with 32Pi as described in the
legend to Fig. 3. The positions of peptides T11, T2, T4A, and T4B (see text) are
indicated. Mutant pm975/953 contains Gly-132.

FIG. 5. Analysis of phosphopeptides from E1A products labeled with 32P in
vivo and in vitro. E1A 289R protein synthesized in and purified fromE. coli was in-
cubated in vitro with [g-32P]ATP and purified CKII, and the tryptic phosphopep-
tide pattern determined by TLC was compared with that of 289R labeled in vivo
in pm975-infected cells. (A) 289R labeled in vivo; (B) 289R labeled in vitro with
purified CKII; (C) an equal mixture (mix) of samples from panels A and B.
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the absence of E1B. Transformation experiments using mutant
and wt pXC13 constructs and pH3G-13 constructs in combi-
nation with activated Ha-ras were carried out. Table 3 shows
that pXC13 transformed cells efficiently but consistently worse
than did pXC38. These data suggested that in cooperation with
E1B, transformation was more efficient in the presence of both
major E1A products than of 289R alone. With the Ser-132
mutants, although pXC13/S132A was similar to the wt, both
pXC13/S132G and pXC13/S132D showed reduced numbers of
transformants. Table 3 also shows that the numbers of trans-
formed foci obtained with pXC13 were greater than those
obtained with pH3G-13 plus ras, indicating that for E1A 289R
alone the transforming efficiency was higher with E1B than
with activated ras. No transformation was observed with ras
alone. The morphologies of transformed foci were also of
some interest. Figure 7A and B show typical foci produced by
pXC38 and pXC13, respectively, which consist of extremely
dense concentrations of rounded cells typical of E1A- and
E1B-transformed colonies. Figure 7C shows a typical focus
produced by pH3G-13 and ras, which is characterized by lower
numbers of cells and several regions which appear to be devoid
of all cells. Such foci never reached the size or density of those
produced with E1B even after longer periods in culture. These
results suggested that relative to transformation with E1B,
transformation with ras led to lower numbers of poorly devel-
oped foci in which cell death occurred at a high rate. Table 3
shows that the Ser-132 mutants induced even fewer transfor-
mants than did the wt; as shown in Fig. 7D through F, these
rare colonies were also small and contained extensive areas
populated by low densities of flat cells. Table 3 shows that

similarly low levels of transformation were also obtained with
the Gly-132 mutant pH3G-13/953 of Lillie et al. (43) as well as
with two other mutants produced by this group containing Ala
residues in place of Glu-126 in the pRB binding core, which
greatly reduces the binding of pRB (pH3G-13/936), and Ser-
185 in CR3, which blocks E1A transactivation activity, thus
reducing the levels of E1A mRNA (pH3G-13/1112). In sum-
mary, the data indicated that removal of the Ser-132 phosphor-
ylation site in E1A 289R resulted in a large reduction in trans-
forming activity and the production of foci with morphologies
typical of poorly transformed cells.
Effects of Ser-132 mutations on E1A-induced cell death.

One explanation for the reductions in transformation could be
related to the toxicities of E1A products. The expression of
E1A proteins in the absence of E1B products is cytotoxic and
induces apoptosis. A major role of the 55- and 19-kDa E1B
products in infection and transformation is to block E1A-
induced cell death, thus allowing the establishment of perma-
nently transformed foci. The expression of E1A alone normally
results in abortive transformation, and thus few foci develop
because most transformants die because of apoptosis. The
mechanism by which ras complements E1A is not known, but
the lower transforming efficiencies relative to that of E1B
could be due to increased E1A-induced cell death. E1A in-
duces cell death by at least two mechanisms, one dependent on
p53 and induced by either 289R or 243R and a second inde-
pendent of p53 and induced only by 289R (70). To examine the
relative toxicities of E1A proteins, mouse 10(1) cells were
infected with wt or Ser-132 mutant virus and cell viability was
measured at various times after infection by a trypan blue
exclusion assay, as described previously (70). 10(1) cells fail to
express p53 and thus are susceptible only to p53-independent
apoptosis induced by E1A-289R (70). Figure 8A shows that
cells remained viable for up to 80 h after infection with either
wt virus dl309 or pm975 which expresses E1B products. Infec-
tion with mutant pm975/E1B2 led to extensive cell death,
commencing at about 40 h. Such was not seen with dl520/
E1B2, which expresses 243R but not 289R. All three Ser-132
mutants present in a pm975/E1B2 background, especially
those containing Ala-132 and Gly-132, induced cell death more
efficiently than did the wt. These results indicated that removal

FIG. 6. Complex formation by mutant and wt E1A proteins. KB cells infected
with either pm975, dl309, or Ser-132 E1A mutants were labeled with [35S]me-
thionine, and cell extracts were immunoprecipitated under mild conditions with
M73 serum, as described in Materials and Methods. The migration positions of
E1A-binding proteins are shown on the left.

TABLE 1. Binding of cellular proteins and
phosphorylation at Ser-132a

Virus
Amt (%)

p300 p400 p105Rb p107 p130

Expressing 289R
and 243R

dl309 (wt) 100 100 100 100 100
ADS132A 92 6 38 98 6 65 68 6 20 90 6 18 66 6 23
ADS132G 91 6 25 92 6 24 78 6 19 93 6 27 70 6 19
ADS132D 93 6 17 88 6 40 99 6 33 93 6 28 90 6 18

Expressing 289R
only

pm975 100 100 100 100 100
pm975/953 98 6 23 94 6 17 72 6 19 78 6 21 79 6 20
pm975/S132A 97 6 14 104 6 40 75 6 14 78 6 10 78 6 15
pm975/S132G 93 6 13 90 6 15 70 6 19 75 6 12 83 6 16
pm975/S132D 103 6 24 98 6 25 87 6 11 93 6 30 91 6 17

a The amounts of cellular proteins that coimmunoprecipitate with wt and
Ser-132 mutant E1A proteins were assessed by SDS-PAGE in seven separate
studies, including the one shown in Fig. 6. The amounts of each protein were
quantified from autoradiographs or with a PhosphorImager, as described in
Materials and Methods, and then expressed as mean percentages 6 standard
deviations of the levels obtained with wt virus dl309 or pm975.
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of the Ser-132 phosphorylation site made E1A 289R more
toxic, thus reducing E1A transforming activity in cooperation
with ras. However, the Gly-132 and Asp-132 mutants also
transformed less efficiently in cooperation with E1B (Table 3).
To determine if differences in E1A toxicity were evident in the
presence of E1B products, a similar cell killing experiment
using 10(1) cells and viruses containing Ser-132 mutations but
expressing E1B was conducted. It should be remembered that
in the presence of the E1B 19-kDa protein, infected cells
survive for much longer times. Figure 8B shows this to be the
case. As in Fig. 8A, cells infected with pm975/E1B2 died
starting at about 48 h p.i. and death was complete by 75 h p.i.
With both wt dl309 and pm975, cell death was not at all evident
until after 120 h p.i. and continued beyond 168 h p.i. pm975,
which produces E1A 289R only, appeared to be somewhat
more toxic than was dl309, which produces both 289R and
243R. Of greatest interest was the finding that both pm975/
S132G and pm975/S132D were somewhat more toxic than was
pm975. These results suggested that increased cell toxicity may
account for the reduced transforming efficiencies of these mu-
tants in the presence of E1B. The results obtained with the
S132A mutant were more puzzling. Figure 8B shows that al-
though in the absence of E1B this mutant was more toxic than
was the wt, such was not the case when E1B proteins were
present. Nevertheless, these results correlated with the data in
Table 3 which indicated that transformation by the S132A
mutant was quite defective in cooperation with ras but was
similar to that of the wt with E1B.

Effects of Ser-132 mutations on E1A transactivation activity.
p53-independent apoptosis is induced by E1A 289R but not by
243R (47, 70). It was possible therefore that removal of the
Ser-132 phosphorylation site affected the toxicity of 289R by
affecting the activity of the CR3 transactivation domain, which
resides just downstream, perhaps by affecting interactions with
the TATA-binding protein or other transcription factors. This
possibility was tested in DNA transfection experiments in
which the transactivation activities of wt and mutant 289R were
determined by measuring the levels of CAT expressed from
plasmids containing CAT under the control of the Ad5 E2, E3,
and E4 promoters. No obvious differences were apparent be-
tween the wt and mutants with any CAT construct (data not
shown). Such was the case even with triple mutant pXC89A/
132A, in which the phosphorylation sites at Ser-89, -96, and
-132 were all converted to Ala. Thus, at least by this approach,
alteration of the Ser-132 site appeared to have little effect on
the transactivating activity of 289R.

DISCUSSION

The present studies have identified Ser-132 as a phosphor-
ylation site in Ad5 E1A proteins. Previous work had indicated
that purified CKII could phosphorylate a synthetic peptide
consisting of E1A residues 125 to 139 (5), and here we have
shown that it phosphorylates full-length E1A 289R in a tryptic
peptide containing Ser-132. Both genetic and biochemical ev-
idence indicated that such phosphorylation also occurs in vivo.

TABLE 2. Transformation of baby rat kidney cells in cooperation with E1B by E1A mutants with defects affecting
phosphorylation at Ser-132a

Plasmid
Avg no. of foci per plateb Avg % 6 SD of

wt resultExpt 1 Expt 2 Expt 3 Expt 4 Expt 5

pXC38 (wt) 13.3 (100) 13.1 (100) 5.3 (100) 46.6 (100) 54.9 (100) 100
pXC132A 17.9 (135) 21.3 (162) 5.4 (108) 77.8 (167) 70.5 (128) 1306 27
pXC132G 49.6 (372) 47.3 (261) 8.5 (187) 70.8 (152) 92.4 (160) 2236 82
pXC132D 32.4 (244) 31.8 (243) 5.3 (100) 77.9 (167) 86.9 (158) 1626 59

a Primary baby rat kidney cells were transfected with 5 mg of DNA from plasmids expressing either wt Ad5 E1A and E1B proteins (pXC38) or mutants in which the
codon for Ser-132 of E1A products had been altered to Ala, Gly, or Asp. Usually five plates of baby rat kidney cells were used for each construct.
b Parenthetical data are percentages for mutants relative to the results for wt pXC38. A different DNA preparation was used for each experiment.

TABLE 3. Transformation of baby rat kidney cells by E1A 289R mutants with E1B or activated ras

Plasmid
Avg no. of foci per platea Avg % of

wt resultExpt 1 Expt 2 Expt 3 Expt 4 Expt 5

pXC38 (289R/243R 1 E1B) 97 (149) 110 (190) 105 (154) 164
pXC13 (wt 289R 1 E1B) 65 (100) 58 (100) 68 (100) 100
pXC13/S132A 82 (126) 59 (102) 60 (88) 105
pXC13/S132G 35 (54) 30 (52) 26 (38) 48
pXC13/S132D 17 (26) 14 (24) 19 (28) 26

pXC13 (E1A 1 E1B) 66 (287) 51 (182) 235
ras alone 0 (0) 0 (0) 0
pH3G-13 (wt 289R) 1 ras [23] (100) [28] (100) 100
pH3G-13/S132A 1 ras [5] (22) [10] (36) 29
pH3G-13/S132G 1 ras [2] (9) [5] (18) 14
pH3G-13/S132D 1 ras [3] (13) [4] (14) 14
pH3G-13/053 1 ras [2] (9) [3] (11) 10
pH3G-13/936 1 ras [1] (4) [0] (0) 2
pH3G-13/1112 1 ras [5] (22) [10] (36) 29

a Primary baby rat kidney cells were transfected with 5 mg of DNA from plasmids expressing wt or mutant E1A proteins and E1B (experiments 1 through 3) or 5
mg of DNA expressing wt or mutant 289R E1A protein plus 5 mg of ras plasmid DNA (experiments 4 and 5). Usually five plates of cells were used for each construct.
A different DNA preparation was used for each experiment. Parenthetical data are percentages for mutants relative to the results for the wt. Brackets around data
indicate that the colonies observed were small and had the unusual phenotype described in the text.
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This site was not identified in our previous studies (72) because
the phosphorylated and unphosphorylated forms of T4 tryptic
peptides containing Ser-132 elute from reverse-phase columns
at very different times, as found previously for the T2 E1A
phosphopeptide (10). The detection of high levels of unphos-
phorylated T4 peptides (72) suggests that only 5 to 10% of
E1A molecules may be phosphorylated at Ser-132.
It is likely that Ser-132 is the only phosphorylation site in the

T4A tryptic peptide from E1A 289R. Such does not appear to

be the case for the T4B peptide from 243R, which differs from
T4A at the carboxy terminus because of the 12S mRNA splic-
ing pattern. T4B migrated during TLC as multiple species
which were still somewhat 32P labeled with the Ser-132 mu-
tants, suggesting the existence of one or more additional phos-
phorylation sites. T4B contains two other possible sites, Ser-
188 and Thr-204, and we now have direct biochemical and
genetic evidence that Ser-188 is phosphorylated in the E1A
289R protein (77), suggesting that multiple T4B peptides could

FIG. 7. Morphologies of E1A-transformed cells. Representative transformed cell foci generated in DNA transfection experiments (Table 3) are presented. (A)
pXC38; (B) pXC13; (C) pH3G-13 1 ras; (D) pH3G-13/S132A 1 ras; (E) pH3G-13/S132G 1 ras; (F) pH3G-13/S132D 1 ras.
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result from phosphoisomers of the Ser-132 and Ser-188 sites.
Partial proteolysis enhanced by the presence of Pro-207 just
downstream of the Arg-205 trypsin cleavage site could also be
a cause.
Phosphorylation at Ser-132 appeared to have significant bi-

ological consequences in terms of cell transformation, but the
observed biochemical effects were more subtle. Lillie et al.
found that a mutant expressing E1A 289R containing Gly-132
was defective for the repression of enhancer activity (43). How-
ever, Ser-132 lies just downstream of the major E1A binding
site for pRB and related proteins at residues 121 to 126. As
discussed above, many pRB-binding proteins contain CKII
phosphorylation sites downstream of the binding core in a
position similar to that of Ser-132. With the human papillo-
mavirus E7 protein, mutagenesis of the corresponding sites at
Ser-31 and Ser-32 reduced E7-mediated transformation (22,
33) but had little effect on complex formation with pRB (3, 22,
33, 59). The overall importance of downstream sequences in
E1A proteins is illustrated by Ad5 mutant dl1109, which lacks
residues 128 to 138 and is defective for cell transformation in
cooperation with either E1B or activated ras (15, 16, 35). In the
present studies, Ad5 viruses expressing 289R and 243R E1A
proteins containing Ala or Gly in place of Ser-132 formed
complexes with pRB and p130 about 20 to 30% less efficiently
than did the wt, although interactions with p107 were relatively
normal. It had been shown previously that the binding of pRB
and p130 was affected by mutations within or downstream of
the binding core, whereas interactions with p107 remained
relatively unaffected (1, 2, 8, 16). Reductions of 20 to 30% in
the binding of pRB, p130, and in this case p107 were also
observed with mutants expressing only the E1A 289R protein,
including pm975/953 (Gly-132) and newly created mutants

pm975/S132G and pm975/S132A. The replacement of Ser-132
by Asp resulted in normal or slightly reduced levels of complex
formation, suggesting that a negative charge at residue 132
may enhance interactions.
In terms of E1A-mediated cell transformation, we showed

previously that E1A mutants which form complexes with pRB
at reduced levels are also less efficient in the transformation of
primary rat kidney cells (8). Mutations of the Ser-132 codon in
plasmids expressing E1B and both 289R and 243R E1A pro-
teins had no apparent effect on transformation, suggesting that
reductions in the binding of pRB and p130 were of little or no
consequence under these conditions. These results were in
general agreement with an earlier analysis of an Ala-132 E1A
mutant (53) but differed from those of Lillie et al. (43), who
used activated Ha-ras and a plasmid expressing only E1A 289R
containing Gly-132. In analyzing these differences further, we
found that in cooperation with E1B, transformation with 289R
alone was less efficient than when both E1A products were
expressed, as found previously (43, 51, 54). This decrease in
transforming efficiency could be related to the levels of E1A
expression or differences in complex formation by or toxicity of
the 289R and 243R E1A proteins. Transformation by 289R
alone in cooperation with ras was less efficient than was trans-
formation with E1B. With plasmids which express E1A 289R
only, the Gly-132 and Asp-132 mutants transformed less effi-
ciently than did the wt in cooperation with either E1B or ras.
With the Ala-132 mutant, this defect was apparent only with
ras. Nevertheless, transformation by Ser-132 mutants was gen-
erally reduced.
We believe that there may be two reasons for the defect in

transformation by Ser-132 mutants. The first relates to the
reduction in complex formation with pRB, p130, and, in the

FIG. 8. Analysis of the viabilities of 10(1) cells infected with wt and mutant Ad5. p53-deficient mouse 10(1) cells were mock infected or infected with various Ad5
mutants and were tested for viability by a trypan blue exclusion assay at various times p.i., as described in Materials and Methods. The averages of two separate
experiments are presented as the logarithm of the percentage of viable cells. (A) Mutants lacking E1B; (B) mutants expressing E1B.
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case of 289R, p107. However, the decreases in binding were
relatively modest and did not always correlate exactly with
transforming activity. The second and probably more impor-
tant reason concerns the toxicities of E1A products. Both 289R
and 243R cause apoptosis via a p53-dependent pathway in-
duced by complex formation with either pRB or p300 (56, 61,
70, 78). However, 289R is more toxic than is 243R, as it also
induces p53-independent cell death in virus-infected cells (70).
In the present study, we analyzed the ability of Ser-132 mutants
to kill p532/2 cells by this p53-independent apoptosis pathway.
In the absence of E1B, all Ser-132 mutants were more toxic
than was the wt; this property could explain the reduction in
transforming efficiency in cooperation with ras and the produc-
tion of colonies containing extensive regions of both dead cells
and flat cells characteristic of a partially transformed or rever-
tant phenotype. Such cells could survive because they express
lower levels of E1A or have acquired mutations in cell death
pathways. However, even in the presence of the E1B 19-kDa
protein (which suppresses apoptosis), the S132G and S132D
mutants were shown to be somewhat more toxic than was the
wt; this characteristic may explain the reduced levels of trans-
formation in cooperation with E1B. Although the differences
in toxicity exhibited here were modest, they could have pro-
found effects on cell survival over the many cell generations
required to form transformed foci. An intriguing result was
that the S132A mutant transformed like the wt and did not
exhibit increased toxicity in the presence of E1B. It may be that
the cytotoxicity induced by the Ala-132 form of E1A protein is
more easily suppressed by E1B products.
What is the basis of the increased toxicity of Ser-132 mu-

tants? Previous studies indicated that the induction of p53-
independent apoptosis is dependent upon CR3-mediated
transactivation activity and, in the case of virus-infected cells,
on products of one or more additional early adenovirus genes
(47, 70). It is possible that phosphorylation negatively regulates
CR3 transactivation activity and that the conversion of Ser-132
results in enhanced activity and thus increased toxicity. One
possible mechanism for such regulation comes from the results
of a recent study which suggested that the binding of pRB-
related proteins prevents the interaction of E1A proteins with
the TATA-binding protein (32). Thus, mutant E1A products
which interact with pRB at reduced efficiency could possess
higher levels of transactivation activity. However, we were un-
able to demonstrate any convincing difference between mutant
and wt E1A proteins in the stimulation of CAT activity by using
constructs with CAT under the control of the E2, E3, or E4
promoter. In addition, these DNA-mediated transformation
experiments were conducted in the absence of other early Ad5
genes. It is possible that E1A toxicity could also result from the
transactivation of cellular genes involved in apoptosis and that
our transactivation assays failed to reflect effects on meaning-
ful cellular promoters. Future studies involving E1A CR3 mu-
tants expressed under heterologous promoters will be required
to pursue this issue.
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59. Phelps, W. C., K. Münger, C. L. Yee, J. A. Barnes, and P. M. Howley. 1992.
Structure-function analysis of the human papillomavirus type 16 E7 onco-
protein. J. Virol. 66:2418–2427.
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