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The adenovirus E1A protein of 243 amino acids has been shown to affect a variety of cellular functions, most
notably the immortalization of primary cells and the promotion of quiescent cells into S phase. The activity of
E1A is derived, in part, from its association with various cellular proteins, many of which play important roles
in regulating cell cycle progression. E1A is known to have multiple sites of phosphorylation. It has been
suggested that cell cycle-dependent phosphorylation may also control some of E1A’s functions. We find now
that immune complexes of cyclin-dependent kinases such as cdk4, cdk2, and cdc2 are all capable of phosphor-
ylating E1A in vitro. Additionally, the sites on E1A phosphorylated by these kinases in vitro are similar to the
E1A sites phosphorylated in vivo. We have also found that a phosphorylated E1A is far more efficient than an
unphosphorylated E1A in associating with pRB and in disrupting E2F/DP-pRB complexes as well. On the basis
of our findings and the differences in timing and expression levels of the various cyclins regulating cdks, we
suggest that E1A functions at different control points in the cell cycle and that phosphorylation controls, to
some extent, its biological functions.

The primary role of the adenovirus E1A proteins is to ad-
vance viral replication once the virus has infected human qui-
escent cells. In this endeavor, E1A exerts its effect by activating
transcription from other adenovirus early genes (96) and, more
importantly, by inducing cellular DNA synthesis and cell cycle
progression (77). In other situations, E1A can immortalize
primary rodent cells in vitro as well as transform these cells in
combination with ras, adenovirus E1B, or polyoma middle T
(77). E1A can also inhibit muscle differentiation (11, 110) and,
under appropriate conditions, induce DNA degradation and
apoptosis (88). E1A’s newly discovered functions are its abili-
ties to initiate DNA synthesis in cells which have lost cellular
ras activity (103) and to disrupt the inhibitory activities of
p27Kip1 in transforming growth factor b (TGF-b)-treated cells,
thus restoring cyclin-cdk2 activity (69). Additionally, E1A can
shorten the interval between G0 and S phases while inducing
DNA synthesis in quiescent cells (103) and can promote cells
into S phase though they have been blocked at different points
in G0/G1 (18).
The biological activities of E1A can best be explained by its

ability to interact with a number of cellular proteins (40, 118),
most of which have been identified as key regulators of the cell
cycle (97). Included in this group is the product of the retino-
blastoma gene, pRb, and its structural relatives p107 and p130
(16, 31, 64, 113). All three of these proteins have growth-
suppressive properties (66), and when overexpressed in certain
tumor cell lines they can restrict cells from entering S phase
(14, 45, 121). pRb negatively regulates cell proliferation when
present in a hypophosphorylated state (111), and after pRb is
phosphorylated by the concerted action of cyclin-dependent
kinases (cdks) such as cyclin D-cdk4, cyclin E-cdk2, and cyclin
A-cdk2 (21, 30, 46), it is thought to become functionally inac-
tive (111). The activity of p107 is also regulated by phosphor-
ylation through D-type cyclins (9). Not yet clear is whether

phosphorylation plays a role in regulating the growth-inhibi-
tory activities of p130. One important way in which pRb, p107,
and p130 are able to restrain cell growth is by regulating the
function of the transcriptional factor E2F. This factor, a het-
erodimer composed of an E2F and a DP family member, is
heavily involved in regulating genes important in promoting
cell growth (78), an act which may preclude the entry and
therefore the association of critical factors such as TBP or
TFIIB (42). Only after pRb is significantly phosphorylated by
cdks is E2F released (61), thereby stimulating transcription
from genes that are E2F dependent (61).
Other cellular proteins found to interact with E1A are p300

and the CREB-binding protein CBP (28, 67). These structur-
ally related proteins have recently been identified as coactiva-
tors of signal-activated transcriptional factors (3, 67). p300 has
also been shown to associate with the TATA-binding protein
TBP (1) as well as to relieve YY1 transcriptional repression
(62). To some extent, E1A requires p300 in order to induce
cellular DNA synthesis in a variety of growth-arrested cells (47,
109), suggesting that p300 may be involved in controlling cell
cycle progression. Like pRb, p300 shows variations in its level
of phosphorylation throughout the cell cycle, appearing hyper-
phosphorylated as cells progress toward mitosis (68, 117).
Thus, the activities of p300 may be regulated by phosphoryla-
tion. This is emphasized by the fact that the cdk2 and cdc2
kinases can use p300 as a substrate in vitro (6). Additionally,
E1A has recently been shown to inhibit the phosphorylation of
p300 (6), although another study has shown that E1A may also
be able to increase the phosphorylation of p300 (7). The results
of these studies underscore the possibility that the function of
p300 may be controlled by phosphorylation and that E1A may
affect this activity.
E1A itself is a phosphoprotein. In mitotic cells its level of

phosphorylation appears to be at its fullest (23), suggesting
that E1Amay also be regulated by phosphorylation throughout
the cell cycle. Indeed, it is becoming evident that most factors
functioning in the cell cycle are essentially controlled by phos-
phorylation or dephosphorylation events. Of late, a group of
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related kinases and their regulatory subunits, known as cyclins,
has been shown to be largely responsible for this type of reg-
ulation. Cyclins oscillate throughout the cell cycle and perform
functions that are essential to mitosis and promotion of cells
into S phase (79, 97). D-type cyclins (D1, D2, and D3) and
cyclin E regulate the progression of cells through G1 (2, 81,
87), while cyclin A functions at the onset of S phase or the
G2/M transition, as does cyclin B (20, 97). cdks such as cdk4, -5,
and -6, whose levels are constant throughout the cell cycle,
prefer to associate with D-type cyclins (70, 74, 115). Although
cdk2 can also form complexes with these cyclins (115), it ap-
pears to have a greater preference for cyclins E and A (97).
cdc2, on the other hand, seems to prefer regulation by cyclins
A and B only (97). Although the precise functions of these
kinases in the cell cycle are still poorly understood, it is be-
lieved that they are important in phosphorylating critical sub-
strates that are necessary for executing the next phase of the
cell cycle (79, 97).
Circumstantial evidence indicates that E1A may be phos-

phorylated by at least one member of the cdk family. Several in
vivo studies have shown E1A in association with cdk2 and
regulatory partners, cyclin E or A (32, 33, 57). Since there are
at least five sites of phosphorylation which have been previ-
ously identified on E1A (23, 24), it is reasonable to hypothesize
that cdk2 and other cdks may actually be phosphorylating E1A
as it passes through the cell cycle. We now present evidence
that cdk4, cdk2, and cdc2 and their respective cyclin partners
can efficiently phosphorylate E1A in vitro. Moreover, the sites
phosphorylated by these kinases are similar to those phosphor-
ylated in vivo. A connection between phosphorylation and the
activity of E1A is shown by the finding that a phosphorylated
E1A is far more efficient than an unphosphorylated E1A in
associating with pRB, as well as in disrupting E2F1/DP1-pRB
complexes. Thus, our results imply that apart from other mech-
anistic considerations, cdks may play an important role in con-
trolling the functions of E1A.

MATERIALS AND METHODS

Cell culture and transfection. HeLa cells in suspension culture were grown in
S-MEM (GIBCO) supplemented with penicillin (100 U/ml), streptomycin (100
mg/ml), and 5.0% horse serum. HeLa cell monolayers were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum, 100 U of penicillin per ml, and 100 mg of streptomycin per ml. For
blocking cells in G1/S (23), subconfluent cultures of HeLa monolayer cells, in
parallel, were treated with hydroxyurea (10 mM) or left untreated and incubated
in fresh medium for 48 h. Afterwards, the cells were washed accordingly and
prepared for labeling (see below). HeLa monolayers were transiently transfected
with 15 mg of pCMV-E1A12S (67) encoding full-length E1A, by using a standard
calcium phosphate precipitation kit (GIBCO/BRL).
Preparation of nuclear and whole-cell extracts. Nuclear extracts capable of

supporting in vitro transcription (17) and reversible phosphorylation (data not
shown) were prepared from suspension cultures of HeLa cells as previously
described (6). After proteins were extracted from nuclei with high-salt buffer, the
supernatant was dialyzed against buffer (20 mM HEPES [N-2-hydroxyeth-
ylpiperazine-N9-2-ethanesulfonic acid, pH 7.9], 100 mM KCl, 0.2 mM EDTA, 0.5
mM dithiothreitol [DTT], 20% glycerol), aliquoted, rapidly frozen, and stored at
2808C. Protein determinations were conducted by using a Bio-Rad protein
assay.
For the preparation of whole-cell extracts (16), cell monolayers were initially

washed in cold phosphate-buffered saline (PBS) and then extracted in 0.5 to 1 ml
of lysis buffer A (50 mM HEPES [pH 7.0], 250 mM NaCl, 0.1% Nonidet P-40, 2
mM EDTA, 0.5 mM DTT) and a cocktail of protease (aprotinin [1 mg/ml]),
leupeptin [1 mg/ml], pepstatin [1 mg/ml], and phenylmethylsulfonyl fluoride
[PMSF] [1 mM] and phosphatase (1 mM sodium orthovanadate, 5 mM NaF, and
20 mM sodium PPi) inhibitors. After being incubated for 30 min at 48C, the
extract was passed through a 21-gauge needle and then clarified by centrifugation
at 15,000 3 g for 10 min. After protein determination (Bio-Rad protein assay),
the lysates were aliquoted and stored at 2808C until further use.
Labeling of cells, immunoprecipitation, and immunoblotting. For in vivo

labeling, cells growing on 10-cm-diameter plates were washed initially with PBS
and then with DMEM without methionine or cysteine. The cells were then
cultured in the same medium for 30 min at 378C and labeled (200 mCi/ml) with

a mixture of [35S]methionine and [35S]cysteine (Trans35S-label; ICN) for 2.5 h at
378C. After being labelled, the cells were harvested by being scraped into cold
PBS and then lysed in buffer A containing a cocktail of protease and phosphatase
inhibitors as described above. For in vivo labeling of phosphorylated E1A, cells
transfected with pCMV-E1A12S for 31 h were washed and then incubated with
phosphate-free media for 1 h. Cells were then labeled with [32P]orthophosphoric
acid (1.25 mCi ml21) in the same media for 4 h. Afterwards, the cells were lysed
in buffer A and radiolabeled E1A was immunoprecipitated with the M73 mono-
clonal antibody, as described below.
Immunoprecipitations performed with whole-cell lysates or nuclear extracts

diluted in buffer B (50 mM HEPES [pH 7.0], 250 mM NaCl, 0.1% Nonidet P-40,
and 1 mM PMSF) were carried out as previously described (6), except for the
following modifications. Extracts or lysates were initially precleared by incuba-
tion with either preimmune serum and protein A-Sepharose beads or beads
alone for 1 h followed by a 1-min centrifugation at 15,000 3 g. Precleared
extracts or lysates were then subjected to immunoprecipitation. In experiments in
which immunizing peptides were used to inhibit specific antibodies, the antisera
were preincubated with a 3- to 10-fold excess of peptide antigen at room tem-
perature for 2 h prior to performance of the immunoprecipitations. Immuno-
precipitates were resolved on sodium dodecyl sulfate (SDS)-polyacrylamide gels
(60) and detected by autoradiography.
To test proteins for kinase activity after their release from immune complexes,

the precipitated proteins were incubated in 0.2% sodium deoxycholate for 30 min
at 48C (33). This mixture was then centrifuged, to remove protein A-Sepharose
beads, and afterwards diluted 20-fold with buffer B. Released proteins in buffer
B were then reimmunoprecipitated with a second antibody, and this immune
complex was tested for kinase activity as described below.
For reimmunoprecipitations (33), the immune complexes were initially washed

in buffer B and then disrupted in 13 Laemmli buffer (60) before being boiled for
5 min. Protein A-Sepharose beads were removed by centrifugation. The super-
natant was diluted 20-fold with buffer B and then reimmunoprecipitated with a
second antibody.
Western blotting (immunoblotting) was performed exactly as described else-

where (6). After incubation with the appropriate antibody, the membranes were
again incubated with a horseradish peroxidase-linked secondary antibody. Pro-
teins were then detected by using an Amersham electrochemiluminescence de-
tection system.
Anti-cdk2 and cdk4 antibodies and peptides were obtained from Santa Cruz

Biotechnology, Inc., and from H. Zhang and D. Beach (115), as well as from C.
Sherr (71). Anti-cdc2 and peptide (48) were provided by P. Howe, and a mono-
clonal antibody to cdc2 was obtained from Zymed Laboratories. Polyclonal
anti-casein kinase II (Ab 245) (120) and anti-mitogen-activated protein kinase
(anti-MAPK) (TR2) (76) antibodies were provided by D. Marshak and M. J.
Weber, respectively. Anti-pRb antibody (C-15) was purchased from Santa Cruz
Biotechnology. E1A-specific mouse monoclonal antibody, M73, was generously
provided by E. Harlow (39).
Expression and purification of recombinant proteins. Plasmid pKHA1-T,

encoding an authentic adenovirus type 2 E1A protein of 243 amino acids, was
propagated in a protease-deficient Escherichia coli strain, CAG629. Growth
conditions for optimum expression of E1A as well as its purification to near
homogeneity in these cells have been described elsewhere (108). Glutathione
S-transferase–E2F1 (GST-E2F1) and GST-DP1 fusion plasmids have been pre-
viously described (19) and were a gift from S. Hiebert. A GST-pRb fusion
protein containing the large pocket of pRb (positions 379 to 928) has been
described elsewhere (30) and was kindly provided by D. Beach. Procedures for
the purification of GST-E2F1, GST-DP1, or GST-pRb in E. coli BL21(DE3)
have been previously described (85, 86).
In vitro phosphorylation. Conditions for phosphorylating purified E1A in vitro

were as previously described (6). Briefly, E1A (200 ng) was added to a reaction
volume (20 ml) containing 25 mg of nuclear extract, 500 mM cold ATP, 5 mM
MgCl2, and 5 mCi of [g-32P]ATP. Phosphorylation was terminated on ice and
with the addition of 10 mM EDTA (29). Immediately after, the 32P-labeled E1A
was immunoprecipitated as described above and electrophoresed on an SDS-
polyacrylamide gel. Labeled products were then visualized by autoradiography
and quantitated from the gel on a Molecular Dynamics phosphoimager.
To assess the importance of phosphorylation in E1A’s interaction with pRb,

GST-pRb was incubated with or without E1A (equimolar amounts) in nuclear
extracts (20 mg) containing 20 mMHEPES (pH 7.9), 50 mM KCl, 10 mMMgCl2,
1 mM DTT, 100 mM cold ATP, and 5 mCi of [g-32P]ATP. Phosphorylation was
stopped by the addition of 10 mM EDTA (29), and if it had not been added
initially, E1A was then added to the mixture containing a phosphorylated GST-
pRb. Afterwards, E1A or GST-pRb was recovered with M73 or glutathione-
Sepharose beads, respectively, and then resolved on an SDS–8% polyacrylamide
gel. Labeled products were visualized by autoradiography.
Kinase and in vitro binding assays. Immune complexes were washed two

times with buffer B and then twice with kinase buffer consisting of 20 mM
HEPES (pH 7.9), 5 mM MgCl2, 10% glycerol, and 1 mM DTT. The complexes
were then resuspended in 15 ml of the same buffer containing 200 ng of purified
E1A, 50 mM cold ATP, and 5 mCi of [g-32P]ATP. The mixtures were incubated
for 30 min at 308C, and the reactions were terminated by the addition of 23
sample buffer (60). Phosphorylated products were analyzed on an SDS-polyacryl-
amide gel and then visualized by autoradiography.
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To test for direct binding between pRb and a phosphorylated or unphosphor-
ylated E1A, GST-pRb or E1A was initially phosphorylated, as described above,
in a reaction mixture (15 ml) containing immune complexes of cdk2, 5 mM
MgCl2, and 50 mM cold ATP. The reaction was terminated by the addition of 10
mM EDTA, and then the mixture was centrifuged at 10,000 3 g for 10 min. The
supernatant containing the phosphorylated product was carefully removed and
incubated with GST-pRb or E1A for 2 h at 48C. Afterwards, GST-pRb was
captured with glutathione-agarose beads, as previously described (67). The beads
were then extensively washed with buffer A, and the bound proteins were eluted
with SDS-polyacrylamide gel electrophoresis (PAGE) loading buffer. The eluted
products were resolved on an SDS–8% polyacrylamide gel, transferred to poly-
vinylidene difluoride membrane, and then detected by the use of M73 or anti-
pRb (C-19; Santa Cruz) and electrochemiluminescence.
Immune complex kinase assays with recombinant proteins produced in insect

cells. Descriptions of the baculovirus transfer vectors carrying cDNA inserts of
cdk4 and cyclin D1 are published elsewhere (54), and these vectors were kindly
provided by C. Sherr. Baculoviruses encoding cyclin D1 and cdk4 were produced
in Sf21 cells as previously described (54). Briefly, infected Sf21 cells (106) were
harvested 48 h after infection and lysed at 48C in kinase buffer {50 mM HEPES
[pH 7.9]; 10 mM MgCl2; 1 mM DTT; 2.5 mM ethylene glycol-bis(b-aminoethyl
ether)-N,N,N9,N9-tetraacetic acid [EGTA]; 0.1 mM PMSF; 5 mg each of aproti-
nin, leupeptin, and pepstatin; 10 mM b-glycerophosphate; 0.1 mM sodium or-
thovanadate; and 0.1 mM NaF} (55). Lysates were clarified by centrifugation (15
min at 10,000 3 g), and aliquots were frozen in liquid nitrogen and stored for
future use. For the kinase reactions, lysates containing cyclin D1 and cdk4 (50
mg) were immunoprecipitated with anti-cdk4 or nonimmune rabbit serum. The
immune complexes were washed two times in buffer A containing 0.1% Tween 20
and then twice with kinase buffer as described above. Afterwards, the beads were
suspended in 15 ml of kinase buffer containing GST-pRb or E1A. The kinase
reaction was initiated at 308C by the addition of 5 mCi of [g-32P]ATP and
unlabeled ATP to a final concentration of 25 mM. After incubation for 30 min,
the reactions were stopped by the addition of 23 sample buffer. Eluted products
from the beads were separated on an SDS–8% polyacrylamide gel. The resolved
products were then detected by autoradiography.
Phosphopeptide mapping. Peptide mapping by partial proteolysis in gel slices

was carried out as previously described (36). Briefly, 32P-labeled E1A was re-
solved on an SDS–10% polyacrylamide gel. The radiolabeled bands were visu-
alized by autoradiography and removed by excision. The gel slices were then
placed into a sample well of a second SDS gel and overlayered with V8 protease
(1 mg) in sample buffer. After digestion and electrophoresis, the radiolabeled
phosphopeptides were visualized by autoradiography.
Mobility shift assays. Gel mobility shift assays were performed as previously

described (63) with the following modifications. Assays with recombinant E2F1
contained 50 ng of GST-E2F1 and 41 ng of GST-DP1. When GST-pRB or E1A
was added, GST-E2F1/DP1 was first incubated with GST-pRb (54 ng) for 30 min
on ice in binding buffer and then incubated for another 30 min with phosphor-
ylated or unphosphorylated E1A (15 ng). The binding buffer contained 20 mM
HEPES (pH 7.4), 40 mM KCl, 10 mMMgCl2, 0.1 mM EDTA, and 0.1% Nonidet
P-40. Added to this was 0.5 mg of sonicated salmon sperm DNA and 0.5 ng of a
32P-labeled E2F oligonucleotide probe (ATTTAAGTTTCGCGCCCTTTCTC
AA). Typically, each of the reaction mixtures was incubated at room temperature
for 30 min and afterwards the reaction products were separated on a 4% poly-
acrylamide gel run in 0.253 Tris-borate-EDTA (TBE) at 48C at 180 V.
Flow cytometry. Cells were washed in PBS and afterwards stained with pro-

pidium iodide by using the CycleTEST kit (Becton Dickinson), a procedure
previously described by Vindelov et al. (107). The stained cells were analyzed in
a fluorescence-activated cell sorter (FACScan; Becton Dickinson), and the re-
sulting data were then subjected to mathematical modeling by using ModFit
software (Verity Software House, Topsham, Maine) to determine the relative
percentages of cells in different stages of the cell cycle.

RESULTS

Time course of the phosphorylation of E1A in vitro. Studies
in vivo have shown E1A to be electrophoretically heteroge-
neous, resolving into as many as six different forms in a high-
resolution two-dimensional gel (41). In a one-dimensional gel,
however, the pattern of E1A mobility is less complex, with E1A
migrating as two forms differing in molecular size by about 2
kDa. One good reason for the presence of two variant forms is
phosphorylation (23, 105, 106), a modification which might
occur as a function of time when E1A progresses through the
cell cycle. Indeed, evidence indicates that the more slowly
migrating form of E1A is produced, in part, as a result of the
phosphorylation of Ser-89 (75, 100). Furthermore, phosphor-
ylation at Ser-89 may be required for phosphorylation to occur
on other sites of E1A (24). Thus, to examine more closely the
influence of phosphorylation on E1A, as a function of time, we

incubated a purified, bacterially produced E1A protein of 243
amino acids (108) with [g-32P]ATP in a HeLa cell nuclear
extract. This type of extract has been previously shown to be
capable of supporting reversible phosphorylation (6, 17). After
recovery by immunoprecipitation with an E1A-specific anti-
body (M73), the E1A products were analyzed on an SDS-
polyacrylamide gel and visualized by autoradiography. As
shown in Fig. 1A (lanes 2 to 5), two electrophoretic forms of
E1A were readily detectable as a result of phosphorylation by
the endogenous kinase(s) present in the nuclear extract. The
form having the fastest mobility migrated as the primary trans-
lation product (data not shown), and it was always the more
phosphorylated of the two. As expected, no phosphorylated
products were visible in immune complexes from extracts without
the addition of purified E1A (Fig. 1A, lane 1). To show that the
electrophoretic behavior of E1A was truly induced by phos-
phorylation, we treated the immunoprecipitated 32P-labeled

FIG. 1. Phosphorylation of E1A in nuclear extracts as a function of time. (A)
Purified E1A (200 ng) was added to nuclear extracts (25 mg) of HeLa cells and
then phosphorylated as described in Materials and Methods. Phosphorylation
was terminated after 0.25, 0.5, 1.0, and 1.5 min (lanes 2 to 5, respectively).
Afterwards, the labeled E1A was recovered by immunoprecipitation with an
E1A-specific monoclonal antibody (M73). Precipitated products from each time
point were resolved on an SDS–7% polyacrylamide gel and then visualized by
autoradiography. As a control, a nuclear extract without the addition of E1A was
phosphorylated for 1.5 min (lane 1) and then subjected to immunoprecipitation
as well. The arrows indicate the two forms of E1A. (B) The amount of 32P
incorporated into E1A at each time point was quantitated from the gel on a
Molecular Dynamics phosphoimager.

VOL. 70, 1996 cdks PHOSPHORYLATE ADENOVIRUS E1A 2913



products with alkaline phosphatase and detected by Coomassie
blue staining the unshifted form of E1A (8) (data not shown).
We also compared the relative mobilities of in vitro- and in
vivo-32P-labeled E1A and found them to be indistinguishable
by SDS-PAGE (data not shown), which is consistent with pre-
vious results (65).
In analyzing the incorporation of phosphate into E1A as a

function of time, we discovered that the initial rate of incor-
poration of 32P into the faster-migrating form of E1A was
about 2.5 times greater than that for the more slowly migrating
form (Fig. 1B). This suggests that phosphorylation of E1A is
highly ordered, and perhaps phosphorylation at one site pro-
vides a recognition determinant essential for phosphorylation
at another site (91). Also important to note is that the relative
degree of phosphorylation observed between the two migrating
forms eventually became constant, indicating that E1A had
finally reached a steady-state level of phosphorylation. This
observation can best be explained by the fact that the nuclear
extracts used in these experiments are functional in both ki-
nase and phosphatase activities (data not shown).
E1A is phosphorylated by cyclin-dependent kinases. Be-

cause E1A is found primarily in the nuclei of infected cells (24,
101, 119), it stands to reason that most of the phosphorylation
occurring on E1A could easily result from activities of cyclin-
dependent kinases. To determine whether these kinases might
be responsible for phosphorylating E1A, we immunoprecipi-
tated nuclear extracts of HeLa cells (17) using antibodies spe-
cific for cdk4, cdk2, or cdc2. The precipitates of each of these
cdks were then assayed for their ability to phosphorylate pu-
rified E1A in a kinase reaction mixture containing [g-32P]ATP.
As shown in Fig. 2A (lanes 1, 3, and 5), immune complexes of
cdk4, cdk2, and cdc2 were clearly able to use E1A as a sub-
strate, with E1A showing a pattern of phosphorylation similar
to that observed in the experiment shown in Fig. 1A and in vivo
(24, 41, 90). The kinase activity of these immune complexes
was readily abolished, however, after each anti-cdk antibody
had been preincubated with a competitor peptide containing
the respective epitope (Fig. 2A, lanes 2, 4, and 6). This ruled
out the possibility that contaminating kinase(s) was responsible
for the phosphorylation of E1A. Not surprisingly, E1A was also
phosphorylated by immune complexes generated by antibodies
to cyclin E or A, although the kinase activity in association with
the cyclin E immune complex was found to be much weaker
than that of the cyclin A immune complex (data not shown).
This difference in activity is most likely due to the relative
amounts of cyclins A and E in the nuclear extract. The speci-
ficity of cdks in using E1A as a substrate in vitro is reinforced
by the failure of immune complexes of MAP kinase to phos-
phorylate E1A under the same conditions (Fig. 2B, lane 1),
notwithstanding that it efficiently phosphorylated myelin basic
protein (lane 2), the preferred substrate for MAP kinase. Fi-
nally, we have also found that E1A can serve as a substrate for
casein kinase II (CK II), an enzyme reported to phosphorylate
cdc2 in HeLa cells during G1 (94). Although immune com-
plexes of casein kinase II were efficient in phosphorylating
E1A in an in vitro kinase assay, this activity was unable to
induce the characteristic shift in E1A mobility (data not
shown). This result provides further evidence that a certain
site(s) must be phosphorylated to effect an electrophoretic
change.
The cyclin D-dependent kinase inhibitor p16INK4 specifically

binds to and inhibits the activity of cdk4 (51). Given that there
is a preponderance of p16-cdk4 complexes instead of cyclin
D-cdk4 complexes in adherent HeLa cells (116), we reaffirmed
E1A’s ability to serve as a substrate for cyclin D-cdk4 by sub-
jecting it to immune complexes of cdk4 recovered from insect

cells expressing cyclin D1 and cdk4. As expected, E1A was
efficiently phosphorylated by the immunoprecipitated enzyme
(Fig. 2C, lane 3) and along with this phosphorylation came the
characteristic shift in E1A electrophoretic mobility. The effi-
cacy of immune complexes of cdk4 from insect lysate was
further proven by the fact that these complexes could effi-
ciently phosphorylate a GST-pRb fusion protein under the
same conditions (Fig. 2C, lane 2). Moreover, its preference for
this substrate over histone H1 was dramatically greater (data
not shown), consistent with results previously observed by oth-
ers (54). No kinase activity was precipitated from the baculo-
virus-infected cells by using the nonimmune serum (Fig. 2C,
lane 1).
E1A associates with cyclin-dependent kinases. Whole-cell

lysates of an adenovirus-transformed cell line (293) constitu-
tively expressing both of the E1A proteins (38) have been used
by others to show an interaction between E1A and cdk2 in
association with cyclin E or A (33). 293 cells, however, do not
contain a large quantity of E1A (12); therefore, interactions
between E1A and other cdks may possibly have been missed.
To determine whether E1A could physically target other cdks,
we incubated it in nuclear extracts of HeLa cells and then
recovered the E1A by immunoprecipitation with M73. Im-
mune complexes of E1A were treated with sodium deoxy-
cholate (see Materials and Methods), which in this case acts in
releasing only those products that may have coprecipitated
with E1A (4, 33). Afterwards, the released products were re-
immunoprecipitated with antibodies specific for cdk2, cdc2, or
E1A as a control. Immune complexes generated by each of
these antibodies were then tested, in parallel, for the ability to
phosphorylate E1A or histone H1. As shown in Fig. 3A, im-
mune complexes generated by antibodies to cdk2 (lanes 3 and
4) or cdc2 (lanes 5 and 6) were clearly capable of phosphory-
lating E1A or histone H1 in a kinase reaction. As expected,
there was no phosphorylation of E1A or histone H1 after the
coprecipitated products were reimmunoprecipitated with M73
(Fig. 3A, lanes 1 and 2). Correspondent with these results was
that reimmunoprecipitation of released products with antibod-
ies to cyclin E, A, or B yielded immune complexes also able to
phosphorylate histone H1 (data not shown).
Until now, E1A has not been shown conclusively to be a part

of any complex containing cdc2. To further confirm that E1A
can indeed affiliate itself with cdc2, we synchronized adherent
HeLa cells at the G1/S boundary, a point in the cell cycle at
which a high rate of cdc2 synthesis has been previously shown
to occur (112). Synchronization was achieved by treatment
with hydroxyurea (23), and when the block was removed at
G1/S (0 h), the cells were immediately labeled for 3 h with
[35S]methionine (Fig. 3C). The lysates of these cells, with or
without the addition of E1A, were immunoprecipitated with
M73, and the resulting E1A immune complexes were dissoci-
ated by boiling in sample buffer (33). The supernatant of these
samples was then subjected to reimmunoprecipitation by using
antibodies specific for cdk2 or cdc2. Newly synthesized cdc2
was clearly recovered from the anti-E1A precipitates (Fig. 3B,
lane 4), and as expected, cdc2 was not recovered from precip-
itates generated from extracts without the addition of E1A
(Fig. 3B, lane 6). cdk2 was also recovered from the anti-E1A
precipitates, although it was found in a much smaller amount
than was cdc2 (Fig. 3B, lane 3). Finally, given that these cells
are enriched in S phase, it was not surprising that cyclin B was
virtually undetectable in E1A immune complexes, whereas cy-
clin A was readily detectable and in association with both cdk2
and cdc2 (data not shown). That cyclin A in HeLa cells can
recognize both cdk2 and cdc2 after entry into S phase is con-
sistent with previous results (82).
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Although we did not analyze anti-E1A precipitates for the
presence of cdk4 or cyclin D1 in the manner described above,
we did explore the possibility of E1A associating with this
cyclin-dependent kinase in other ways. Attempts to reimmu-
noprecipitate newly synthesized cdk4 or its primary partner
cyclin D1 from E1A immune complexes derived from [35S]me-
thionine-labeled extracts with added E1A all but failed, as did
attempts to detect these proteins in E1A immune complexes
immunoblotted and probed sequentially with anti-cdk4 and
anti-cyclin D1, D2, or D3 (data not shown). This was not
entirely surprising, since earlier studies also failed to show a
stable association between E1A and cyclin D1 expressed in
intact cells (21).

E1A is phosphorylated at similar sites in vitro and in vivo.
Our results indicate that at least four mammalian kinases can
efficiently phosphorylate E1A in vitro, and two of these en-
zymes (cdk2 and cdc2) can stably associate with E1A as well.
Since all of these kinases function in cell cycle pathways (99)
significantly affected by E1A (18, 19, 103), they become excel-
lent candidates for regulating the phosphorylation of E1A in
vivo. Indeed, if any of these kinases are responsible for phos-
phorylating E1A in vivo, then sites phosphorylated by these
enzymes in vitro should be similar. To determine this, we
compared phosphopeptides of E1A labeled in vivo and in vitro
after Staphylococcus aureus V8 protease digestion (15, 41). As
shown in Fig. 4, the phosphopeptides of E1A after in vitro

FIG. 2. Cdks can efficiently phosphorylate E1A in vitro. (A) Nuclear extracts of HeLa cells (50 mg) preincubated with (1) or without (2) an excess of antigenic
peptide were subjected to immunoprecipitation with antibodies specific for cdk4 (lanes 1 and 2), cdk2 (lanes 3 and 4), or cdc2 (lanes 5 and 6). The immune complex
of interest was then incubated in kinase buffer with purified E1A (200 ng) and [g-32P]ATP. Labeled products from the kinase reactions were analyzed on an SDS–8%
polyacrylamide gel and viewed by autoradiography. Exposure times for lanes 1 to 4 are 4 h, and those for lanes 5 and 6 are 7 h. Arrows denote the positions of E1A.
(B) Immune complexes of MAP kinase recovered from nuclear extracts of HeLa cells were separately incubated in kinase buffer with purified E1A (200 ng) or myelin
basic protein (1 mg) and [g-32P]ATP. Labeled products were analyzed on an SDS–10% polyacrylamide gel and detected by autoradiography. Arrows denote the
positions of E1A and myelin basic protein (MBP). (C) Lysates from insect cells infected with baculovirus encoding cdk4 and cyclin D1 were immunoprecipitated with
antiserum to cdk4 or nonimmune rabbit serum (NRS). Precipitates prepared with antibodies to cdk4 were incubated with E1A (lane 3) or GST-pRb (lane 2). Those
prepared from NRS were incubated with E1A (lane 1) in the presence of [g-32P]ATP and then assayed for associated-kinase activity. Products in the kinase reaction
were resolved on an SDS–8% polyacrylamide gel. The autoradiography exposure time was 3 h. Arrows denote the positions of E1A and GST-pRb.
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labeling by cdk4, cdk2, or cdc2 (lanes 2 to 4) were, for the most
part, a subset of the total phosphopeptides of E1A after label-
ing in vivo (lane 1). Equally important is that comparable
results were obtained even after E1A was phosphorylated in a
nuclear extract of HeLa cells (Fig. 4, lane 5), which is capable
of supporting reversible phosphorylation (6, 17). Although the
phosphopeptide patterns of in vitro- and in vivo-labeled E1A
were remarkably similar, two important differences existed.
First, one of the major peptides phosphorylated in vivo (Fig. 4,

lane 1) could not be accounted for in any of the in vitro kinase
reactions, which suggests that there are kinases other than cdks
which can phosphorylate E1A in vivo. Second, phosphorylation
of E1A by cdk4 (Fig. 4, lane 2) in vitro resulted in a major
peptide, as well as one or more minor peptides, yet the occur-
rence of these particular peptides was not observed after E1A
was labeled in vivo (lane 1). Further, these phosphopeptides
did not occur after E1A was phosphorylated in vitro by cdk2 or
cdc2 (Fig. 4, lanes 3 and 4), suggesting that cdk4 can phos-
phorylate E1A at one or more sites indistinguishable from
those of cdk2 or cdc2.
Phosphorylation of E1A increases its efficiency of binding to

pRb. The experiments described above indicate that kinases
cdk4, cdk2, and cdc2 may be responsible, in part, for phosphor-
ylating E1A in vivo. The functional consequences of phosphor-
ylation by these or any other kinases, however, are still unclear.
Since E1A abrogates pRb-induced growth suppression by se-
lectively binding to unphosphorylated and phosphorylated
forms of pRb (10, 26), it seemed reasonable to test the ability
of unphosphorylated and phosphorylated E1A to associate
with pRb in vitro. To begin, a GST-pRb fusion protein con-
taining pRb residues 379 to 928, but which can still bind to
E1A (49, 53), was incubated in a HeLa cell nuclear extract with
[g-32P]ATP under conditions promoting phosphorylation. Af-
ter the reaction had been stopped by the addition of EDTA
(60), the modified GST-pRB protein was captured with gluta-
thione-agarose beads and resolved on an SDS-polyacrylamide
gel. As might be expected, the kinase(s) present in the nuclear
extract was clearly capable of producing a 32P-labeled GST-
pRb (Fig. 5A, lane 1) and, moreover, one that should be useful
in determining the binding ability of a phosphorylated or un-
phosphorylated E1A. With this in mind, we repeated the ex-
periment except this time we added a quantity of unmodified

FIG. 3. E1A associates with cdks in vitro. (A) Immune complexes of E1A
from nuclear extracts of HeLa cells, with or without added E1A, were disrupted
by treatment with 0.2% sodium deoxycholate. The released products were then
reimmunoprecipitated (Final IP) with the use of antibodies specific for E1A
(lanes 1 and 2), cdk2 (lanes 3 and 4), or cdc2 (lanes 5 and 6). The resulting
immune complexes were then assayed for kinase activity, by using E1A (200 ng)
or histone H1 (185 ng) as the substrate. The arrows indicate the two forms of
E1A and histone H1. (B) Adherent HeLa cells after release from the G1S
boundary were labeled for 3 h with [35S]methionine. Lysates of these cells with
or without the addition of E1A were then immunoprecipitated (IP) with the
anti-E1A monoclonal antibody, M73. Afterwards, the 35S-labeled products as-
sociated with the E1A immune complexes were reimmunoprecipitated with
antibodies specific for cdk2 (lanes 1 to 3) or cdc2 (lanes 4 to 6). These immune
complexes were then separated on an SDS–8% polyacrylamide gel and viewed by
autoradiography. In parallel, an asynchronous culture of adherent HeLa cells
was also labeled for 3 h with [35S]methionine and then used in the same way as
described above. HU denotes hydroxyuea treatment of cells. (C) The relative
percentages of G1, S, and G2/M cells in asynchronous (AS) cultures and in cells
blocked at G1/S by hydroxyurea treatment (0 h) (0) and then released from the
block (3 h) (3) were determined by flow cytometric analysis of nuclear DNA
content.

FIG. 4. Phosphopeptide comparison between in vivo- and in vitro-32P-la-
beled E1A proteins. Purified E1A was modified in a HeLa cell nuclear extract
(Ext) (lane 5) and in an in vitro kinase reaction by immune complexes of cdk4,
cdk2, and cdc2 (lanes 2 to 4). HeLa cells transfected with plasmid (pCMV-
E1A125) encoding E1A were metabolically labeled with 32Pi, and cell lysates were
precipitated with M73 (lane 1). Afterwards, the 32P-labeled E1A proteins were
resolved by SDS-PAGE, excised, and digested with V8 protease, as described in
Materials and Methods. The phosphopeptides were resolved on an SDS–15%
polyacrylamide gel and visualized by autoradiography.
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E1A to the extract after the phosphorylation of GST-pRb had
been terminated by the addition of EDTA. In this reaction, the
molar ratio of E1A to phosphorylated GST-pRb was 1:1. The
unmodified E1A protein was then recovered from this mixture
by immunoprecipitation with the M73 antibody. When the
immunoprecipitates of E1A were separated on denaturing
gels, we were surprised to find that the E1A immune com-
plexes contained very little of the 32P-labeled GST-pRb (Fig.
5A, lane 2). Opposite results were obtained, however, after the
unmodified E1A protein and GST-pRB were phosphorylated
together in a nuclear extract with [g-32P]ATP under identical
conditions. As shown in Fig. 5A, lane 3, the M73 antibody
recovered not only a 32P-labeled-E1A but also a significant
amount of the 32P-labeled GST-pRB protein as well. In prin-
ciple, the detection of interaction between these two 32P-la-
beled proteins, by this method, suggests that phosphorylated
E1A is far more capable of forming a stable complex with pRb
than unphosphorylated E1A.
To further confirm that phosphorylated E1A is directly in-

teracting with pRb and not some higher-order complex con-
taining pRb, we mixed phosphorylated or unphosphorylated
E1A with purified GST-pRb in a 150 mM ionic-strength buffer
and then performed an in vitro binding assay (67). Specifically,
E1A, GST-pRB, or E1A and GST-pRb were initially phos-
phorylated in a kinase reaction mixture containing immune
complexes of cdk2 and cold ATP. In a parallel reaction, GST-
pRb was left unphosphorylated because of the absence of cold
ATP. Once kinase activity had been stopped by the addition of
EDTA (60), the phosphorylated or unphosphorylated product

left in each of the supernatants after centrifugation was com-
bined (in equimolar amounts) with either an unphosphorylated
E1A or GST-pRb. To monitor the interaction between these
proteins, GST-pRb was captured with glutathionine-agarose
beads. The proteins in association with these beads were
eluted, run on an SDS-polyacrylamide gel, transferred to poly-
vinylidene difluoride membrane, and then analyzed by immu-
noblotting with M73 or anti-pRb (Fig. 5B). In the experiment
shown, unphosphorylated E1A (Fig. 5B, lanes 3 and 4) was far
less efficient than a phosphorylated form of E1A (lanes 5 and
6) in associating with either a phosphorylated or unphosphor-
ylated form of GST-pRb. Taken together, these results repre-
sent the first direct evidence linking the phosphorylation of
E1A to its ability to efficiently interact with pRb.
Phosphorylated E1A disrupts E2F-pRb complexes more ef-

ficiently. The heterodimer E2F1/DP1 is one member in a
group of closely related transcription factors (E2F) whose ac-
tivity is controlled, in part, by the binding of an underphos-
phorylated pRb (111). In situations in which E1A is expressed,
E2F1/DP1 is thought to be released by virtue of E1A’s asso-
ciation with pRb (80). This conclusion is based primarily on gel
mobility shift assays, in which complexes of E2F1/DP1-pRb
bound to oligonucleotides containing E2F-binding sites (25,
43) become disrupted by E1A, as a result of its synthesis in vivo
or in an in vitro translational system (5, 13). Since this means
of expression guarantees, to some extent, a phosphorylated
form of E1A (104) and the results presented in Fig. 5 indicate
that phosphorylated E1A binds more efficiently to pRb, one
would predict that a phosphorylated form of E1A might be

FIG. 5. Phosphorylated E1A binds more efficiently to GST-pRB. (A) Purified GST-pRB was phosphorylated with [g-32P]ATP in HeLa cell nuclear extracts (Ext)
(20 mg), either alone (lanes 1 and 2) or in combination with an equimolar amount of E1A (lane 3). Phosphorylation was terminated by the addition of EDTA, with
subsequent addition of unmodified E1A so that the ratio of GST-pRb to E1A was 1:1 (lane 2). E1A in combination with GST-pRb (lanes 2 and 3) was recovered from
extracts by immunoprecipitation with M73, whereas GST-pRb alone was captured with glutathione-Sepharose beads (lane 1). All products were resolved electro-
phoretically on denaturing gels and visualized by autoradiography. (B) Purified GST-pRb was phosphorylated by immune complexes of cdk2 in a kinase reaction with
cold ATP, either alone (lanes 2 and 4) or in combination with an equivalent amount of E1A (lane 6). In some cases, GST-pRb was not phosphorylated in reactions
because of the absence of cold ATP. Phosphorylation was stopped by the addition of EDTA, and unmodified E1A was then added (in equivalent amounts) to reaction
mixtures containing unphosphorylated (lane 3) or phosphorylated (lane 4) GST-pRB. In parallel, the phosphorylation of E1A by immune complexes of cdk2 in a kinase
reaction was stopped by the addition of EDTA, and immediately afterward an equivalent amount of unmodified GST-pRB was added (lane 5). After incubation for
2 h at 48C, glutathione-agarose beads were added to the reaction mixtures for the recovery of GST-pRB. Bound proteins were resolved on SDS-polyacrylamide gels,
transferred to membrane, and probed with M73 or antibodies to pRb. Sites of antibody binding were detected by electrochemiluminescence.
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more efficient in dissociating E2F1/DP1-pRb complexes. As
proof of this, we used comparable ratios of E1A to E2F1/DP1-
pRb in gel mobility shift experiments in order to measure the
response of DNA-bound complexes to unphosphorylated or
phosphorylated E1A. After phosphorylating E1A in a kinase
reaction mixture containing cold ATP and immune complexes
of cdk2, we found that the complex containing purified E2F1/
DP1 and pRb (Fig. 6, lane 2) could be easily disrupted by
modified E1A (Fig. 6, lane 4). Unphosphorylated E1A, on the
other hand, failed considerably in dissociating the complex
(Fig. 6, lane 3). These results suggest that at least a part of
E1A’s ability to alter E2F1/DP1-pRb interaction may depend
on whether it is phosphorylated.

DISCUSSION

In learning more about the functions of the E1A 243R
protein, one must understand why E1A is continually phos-
phorylated throughout the cell cycle (23, 24). Essential to this
inquiry is the identification of kinases targeting E1A and, more
importantly, their effect on E1A’s activities after phosphoryla-
tion. Our studies have identified at least four kinases capable
of phosphorylating E1A in vitro. Three of these kinases are in
the cyclin-cdk family of enzymes (cdk4, cdk2, and cdc2), which
participate in coordinating cell division (50, 98). Moreover, the
sites on E1A phosphorylated by these cdks in vitro correspond
to the majority of E1A sites phosphorylated in vivo (Fig. 4).
This strongly suggests that E1A may actually be targeted by
these kinases in vivo. Since each of the kinases is active only at
particular stages of the cell cycle (50, 98), this could explain the
endurance of E1A’s phosphorylation in the changing of cell

cycle position. The coordinate activity of these kinases might
also help explain why some sites on E1A appear to be differ-
entially phosphorylated at different rates (Fig. 1). This, and the
fact that others have shown that at least one site on E1A needs
to be phosphorylated before phosphorylation can occur on
another site (24), raises the possibility that the ordering of
phosphorylation on E1A may actually be important in prepar-
ing E1A for subsequent phosphorylation by other kinases. That
E1A appears to be more heavily phosphorylated in mitotic
cells than in cells in G1/S (73) certainly supports this view.
Worth mentioning is that cdc2 is the enzyme generally most
active in mitotic cells (50), and aside from using E1A as a
substrate (73) (Fig. 2), it can also use other viral proteins in this
way (34). In fact, phosphorylation by cdc2 appears to affect the
DNA-binding activity of simian virus 40 large T antigen (72).
Finally, although E1A may be a physiological substrate for
cdc2, it is almost certainly not a physiological substrate for
MAP kinase (data not shown). This is interesting, since the
preferred phosphorylation sites used by this enzyme (Pro-X-
Ser/Thr-Pro, where X is any amino acid) are not so different
from the sites used by cdc2 (X-Ser/Thr-Pro) (83, 93, 97).
Our findings suggest that cyclin D-cdk4 complexes may play

a role in regulating some of E1A’s activities. For example,
immune complexes of cdk4 from specially prepared extracts of
HeLa cells (6, 71) can efficiently phosphorylate E1A in vitro
(Fig. 2A). Further, the ability of enzymatically active cyclin
D1-cdk4 complexes in insect cells to specifically phosphorylate
E1A, as well (Fig. 2B), gives more evidence that cdk4 can use
E1A as a substrate. These results, coupled with the fact that
the majority of the E1A phosphopeptides generated by cdk4 in
vitro correspond to those present in E1A-transfected cells,
strongly suggest that cdk4 may play a central role in promoting
the phosphorylation of E1A in vivo. Moreover, since cyclin
D-dependent cdk4 activity is first detected in the mid-G1 phase
of the cell cycle (99), we believe that this may be the time at
which cdk4 exerts its effect on E1A. Although our experiments
failed to show an association between E1A and cdk4 com-
plexes, this does not negate the possibility that E1A could be a
putative physiologic substrate for cdk4, since in most cases
enzyme-substrate intermediates rapidly dissociate once phos-
phorylation occurs (29, 91). In fact, stable associations between
pRb and cyclins E- and A-cdk2 have not been seen, even
though these kinases directly phosphorylate pRb in vivo and in
vitro (45). Although D-type cyclins in association with their
cdk4 partners have been shown to interact directly with pRb
(21, 30), this interaction can be viewed as distinctly different,
because a mutant cyclin D1 lacking the pRb-binding motif
LXCXE (21) remains able to phosphorylate pRb in vivo and in
vitro (46).
In addition to cyclin D-cdk4, we propose that there may be

several other combinations of cyclins and kinases which phos-
phorylate E1A in vivo. This notion is based on the fact that
stable complexes can be formed between E1A and cdk2 or
cdc2 (Fig. 3), the former of which can associate with either
cyclin E or A and the latter of which can associate with cyclin
A or B (50, 97). Since both cyclins E and A have previously
been shown to interact with E1A (33, 37, 84) and because there
is evidence of E1A associating with cyclin B (67a), the combi-
nation of cyclin-cdk partners that might phosphorylate E1A in
vivo could conceivably include cyclins E- and A-cdk2 and cy-
clins A- and B-cdc2. The fact that these cyclins and their
respective partners control various stages of the cell cycle (22,
58, 82, 92) makes it tempting to speculate that these kinases
may confer a property on E1A that enables it to function at
different points in the cell cycle. This is supported by our recent

FIG. 6. Disruption of E2F-pRb complexes by phosphorylated E1A. As de-
scribed in Materials and Methods, E1A (30 ng) was phosphorylated (with cold
ATP) or left unphosphorylated (without ATP) in a kinase reaction mixture
containing immune complexes of cdk2. Gel mobility shift assays, with a 32P-
labeled oligonucleotide containing the E2F consensus site, were performed with
recombinant GST-E2F1 and GST-DP1 in the absence of additional proteins
(lane 1) or in the presence of GST-pRB (lane 2), GST-pRb and unphosphory-
lated E1A (lane 3), or GST-pRB and phosphorylated E1A (lane 4). E2F1/DP1
DNA-binding activity was not observed when the reaction mixture contained a
100-fold molar excess of unlabeled E2F oligonucleotide (data not shown).
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work showing that E1A can affect more than one pathway in
G0/G1 when inducing cellular DNA synthesis (18, 19, 103).
Our observation that phosphorylated E1A binds more effi-

ciently to GST-pRb in vitro (Fig. 5) and disrupts E2F1/DP1-
pRb complexes in a gel retardation assay more effectively (Fig.
6) than does unphosphorylated E1A raises the question of
whether phosphorylation might affect E1A’s ability to activate
E2F in vivo. Others have shown that E1A can liberate the
transcriptional factor E2F/DP from pRb alone (5, 13) or lib-
erate it from complexes containing pRb-related proteins p107
and p130 in association with cyclin A- or E-cdk2 (16, 35, 52,
61). In releasing E2F/DP, E1A presumably remains bound to
these cellular proteins, and this, as a result, gives E2F/DP an
opportunity to activate E2F/DP-responsive genes important to
cell cycle progression (44, 102). Since E2F/DP’s activity ap-
pears to be differentially regulated by its association with pRb
or p130 (16, 95) and with p107-cyclin-cdk or p130-cyclin-cdk
complexes (16, 63, 89, 114), there may be differences in the way
E1A is able to effectively release E2F/DP from these proteins.
In dealing with pRb, E1A may have to be phosphorylated to
displace E2F/DP from the E2F/DP-pRb complex. This is plau-
sible since others have previously reported the inability of an
unmodified GST-E1A fusion protein to completely disrupt
E2F/DP-pRb complexes in vitro (35). In addition, because
E1A requires two of its sequence domains to make direct
contact with pRb (27, 35, 52), the occurrence of phosphoryla-
tion at one or both of these domains could facilitate the inter-
action between these two proteins and consequently bring
about the dissociation of E2F/DP. Apart from this, the activity
of E1A in rescuing E2F/DP from E2F/DP-p130 complexes
present in G0 or early G1 (16) might also be predicated on
whether E1A is phosphorylated. In rescuing an active E2F/DP
from p107-cyclin-cdk or p130-cyclin-cdk complexes, E1A could
be acting as a competitive substrate for these kinases as they
regulate the activity of E2F/DP throughout the cell cycle. Re-
cent studies show that cyclin A-cdk2 is largely responsible for
shutting off E2F1-dependent DNA binding function after
phosphorylating DP1, which is in association with E2F1 (25,
59). Furthermore, evidence indicates that E2F1 can be effi-
ciently phosphorylated by cyclin A-cdk2 as well (56). Thus, by
drawing the attention of cdks from E2F/DP, E1A may be
preventing the negative regulatory effect that these kinases
appear to have on E2F/DP. This particular activity of E1A may
also apply to other cellular proteins. For example, we have
recently found that E1A can inhibit the phosphorylation of
p300 as a result of interference with the activities of cdk2 and
cdc2, both of which appear to be specific for p300 (6).
Finally, our results raise the interesting possibility that E1A

may undergo cyclin-dependent phosphorylation in vivo and
that this phosphorylation becomes a significant part of E1A’s
activity. If this is true, and considering that the cdks phos-
phorylating E1A are heightened in activity at different stages
of the cell cycle (98), it is reasonable to assume that E1A can
interact with a number of pathways that are essential to cell
growth. Clearly, it will be important to continue the investiga-
tion of E1A’s activities with phosphorylation in a temporal
manner, as it traverses the cell cycle.

ACKNOWLEDGMENTS

We thank N. Tripoulas for critical discussions and comments on the
manuscript. We also thank D. Beach for providing purified GST-pRb
and antibodies specific for D-type cyclins and cdk4. A special thanks to
D. Herzberg for editorial assistance in the preparation of the manu-
script.
These studies were supported, in part, by the L. C. Rosenberg

Foundation and the Cleveland Clinic Foundation and in part by NIH
grant GM54014 (M.L.H.).

REFERENCES
1. Abraham, S. E., S. Lobo, P. Yaciuk, H.-G. H. Wang, and E. Moran. 1993.
p300, and p300-associated proteins, are components of TATA-binding pro-
tein (TBP) complexes. Oncogene 8:1639–1647.

2. Ando, K., F. Ajchenbaum-Cymbalista, and J. D. Griffin. 1993. Regulation
of G1/S transition by cyclins D2 and D3 in hematopoietic cells. Proc. Natl.
Acad. Sci. USA 90:9571–9575.

3. Arany, Z., D. Newsome, E. Oldread, D. M. Livingston, and R. Eckner. 1995.
A family of transcriptional adaptor proteins targeted by the E1A oncopro-
tein. Nature (London) 374:81–84.

4. Baeuerle, P. A., and D. Baltimore. 1988. Activation of DNA-binding activity
in an apparently cytoplasmic precursor of the NF-kB transcription factor.
Cell 53:211–217.

5. Bagchi, S., P. Raychaudhuri, and J. Nevins. 1990. Adenovirus E1A proteins
can dissociate heteromeric complexes involving the E2F transcription fac-
tor: a novel mechanism for E1A trans-activation. Cell 62:659–669.

6. Banerjee, A. C., A. J. Recupero, A. Mal, A. M. Piotrkowski, D.-M. Wang,
and M. L. Harter. 1994. The adenovirus E1A 289R and 243R proteins
inhibit the phosphorylation of p300. Oncogene 9:1733–1737.

7. Barbeau, D., R. Charbonneau, S. G. Wahlen, S. T. Bayley, and P. E.
Branton. 1994. Functional interactions within adenovirus E1A protein com-
plexes. Oncogene 9:359–373.

8. Barik, S. 1993. Expression and biochemical properties of a protein serine/
threonine phosphatase encoded by bacteriophage. Proc. Natl. Acad. Sci.
USA 90:10633–10637.

9. Beijersbergen, R. L., L. Carlee, R. M. Kerkhoven, and R. Bernards. 1995.
Regulation of the retinoblastoma protein-related p107 by G1 cyclin com-
plexes. Genes Dev. 9:1340–1353.

10. Buchkovich, K., L. A. Duffy, and E. Harlow. 1989. The retinoblastoma
protein is phosphorylated during specific phases of the cell cycle. Cell
58:1097–1105.

11. Caruso, M., F. Martelli, A. Giordano, and A. Felsani. 1993. Regulation of
MyoD gene transcription and protein function by the transforming domains
of the adenovirus E1A oncoprotein. Oncogene 8:267–278.

12. Chatterjee, P. K., and S. J. Flint. 1986. Partition of E1A proteins between
soluble and structural fractions of adenovirus-infected and -transformed
cells. J. Virol. 60:1018–1026.

13. Chellappan, S. P., S. Hiebert, M. Mudryj, J. M. Horowitz, and J. R. Nevins.
1991. The E2F transcription factor is a cellular target for the RB protein.
Cell 65:1053–1061.

14. Claudio, P. P., C. M. Howard, A. Baldi, A. De Luca, Y. Fu, G. Condorelli,
Y. Sun, N. Colburn, B. Calabretta, and A. Giordano. 1995. p130/pRb2 has
growth suppressive properties similar to yet distinctive from those of reti-
noblastoma family members pRb and p107. Cancer Res. 54:5556–5560.

15. Cleveland, D. W., S. G. Fischer, M. W. Kirschner, and U. K. Laemmli. 1977.
Peptide mapping by limited proteolysis in sodium dodecyl sulfate and anal-
ysis by gel electrophoresis. J. Biol. Chem. 252:1102–1106.

16. Cobrinik, D., P. Whyte, D. S. Peeper, T. Jacks, and R. A. Weinberg. 1993.
Cell cycle-specific association of E2F with the p130 E1A-binding protein.
Genes Dev. 7:2392–2404.

17. Datta, S., C. J. Soong, D. M. Wang, and M. L. Harter. 1991. A purified
adenovirus 289-amino-acid E1A protein activates RNA polymerase III
transcription in vitro and alters transcription factor TFIIIC. J. Virol. 65:
5297–5304.

18. Dobrowolski, S., M. L. Harter, and D. W. Stacey. 1994. Cellular ras activity
is required for passage through multiple points of the G0/G1 phase in
BALB/c 3T3 cells. Mol. Cell. Biol. 14:5441–5449.

19. Dobrowolski, S. F., D. W. Stacey, M. L. Harter, J. T. Stine, and S. W.
Hiebert. 1994. An E2F dominant negative mutant blocks E1A induced cell
cycle progression. Oncogene 9:2605–2612.

20. Dou, Q.-P., A. H. Levin, S. Zhao, and A. B. Pardee. 1993. Cyclin E and
cyclin A as candidates for the restriction point protein. Cancer Res. 53:
1493–1497.

21. Dowdy, S. F., P. W. Hinds, K. Louie, S. I. Reed, A. Arnold, and R. A.
Weinberg. 1993. Physical interaction of the retinoblastoma protein with
human D cyclins. Cell 73:499–511.

22. Dulic, V., E. Lees, and S. I. Reed. 1992. Association of human cyclin E with
a periodic G1-S phase protein kinase. Science 257:1958–1961.

23. Dumont, D. J., and P. E. Branton. 1992. Phosphorylation of adenovirus
E1A proteins by the p34cdc2 protein kinase. Virology 189:111–120.

24. Dumont, D. J., R. C. Marcellus, S. T. Bayley, and P. E. Branton. 1993. Role
of phosphorylation near the amino terminus of adenovirus type 5 early
region 1A proteins. J. Gen. Virol. 74:583–595.

25. Dynlacht, B. D., O. Flores, J. A. Lees, and E. Harlow. 1994. Differential
regulation of E2F trans-activation by cyclin/cdk2 complexes. Genes Dev.
8:1772–1786.

26. Dyson, N., K. Buchkovich, P. Whyte, and E. Harlow. 1989. The cellular
107K protein that binds to adenovirus E1A also associates with the large T
antigens of SV40 and JC virus. Cell 58:249–255.

VOL. 70, 1996 cdks PHOSPHORYLATE ADENOVIRUS E1A 2919



27. Dyson, N., P. Guida, C. McCall, and E. Harlow. 1992. Adenovirus E1A
makes two distinct contacts with the retinoblastoma protein. J. Virol. 66:
4606–4611.

28. Dyson, N., and E. Harlow. 1992. Adenovirus E1A targets key regulators of
cell proliferation. Cancer Surv. 12:161–195.

29. Engstrom, L., P. Ekman, E. Humble, U. Ragnarsson, and O. Zetterqvist.
1984. Detection and identification of substrates for protein kinases: use of
proteins and synthetic peptides. Methods Enzymol. 107:130–154.

30. Ewen, M. E., H. K. Sluss, C. J. Sherr, H. Matsushime, J. Kato, and D. M.
Livingston. 1993. Functional interactions of the retinoblastoma protein
with mammalian D-type cyclins. Cell 73:487–497.

31. Ewen, M. E., Y. Xing, J. B. Lawrence, and D. M. Livingston. 1991. Molec-
ular cloning, chromosomal mapping, and expression of the cDNA for p107,
a retinoblastoma gene product-related protein. Cell 66:1155–1164.

32. Faha, B., M. E. Ewen, L.-H. Tsai, D. M. Livingston, and E. Harlow. 1992.
Interaction between human cyclin A and adenovirus E1A-associated p107
protein. Science 255:87–90.

33. Faha, B., E. Harlow, and E. Lees. 1993. The adenovirus E1A-associated
kinase consists of cyclin E-p33cdk2 and cyclin A-p33cdk2. J. Virol. 67:2456–
2465.

34. Fanning, E. 1992. Simian virus 40 large T antigen: the puzzle, the pieces,
and the emerging picture. J. Virol. 66:1289–1293.

35. Fattaey, A. R., E. Harlow, and K. Helin. 1993. Independent regions of
adenovirus E1A are required for binding to and dissociation of E2F-protein
complexes. Mol. Cell. Biol. 13:7267–7277.

36. Fischer, S. G. 1983. Peptide mapping in gels. Methods Enzymol. 100:424–
430.

37. Giordano, A., P. Whyte, E. Harlow, B. R. Franza, Jr., D. Beach, and G.
Draetta. 1989. A 60 kd cdc2-associated polypeptide complexes with the
E1A proteins in adenovirus-infected cells. Cell 58:981–990.

38. Graham, F. O., J. Smiley, W. 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.

39. Harlow, E., B. R. Franza, Jr., and C. Schley. 1985. Monoclonal antibodies
specific for adenovirus early region 1A proteins: extensive heterogeneity in
early region 1A products. J. Virol. 55:533–546.

40. Harlow, E., P. Whyte, B. R. Franza, Jr., and C. Schley. 1986. Association of
adenovirus early-region 1A proteins with cellular polypeptides. Mol. Cell.
Biol. 6:1579–1589.

41. Harter, M. L., and J. B. Lewis. 1978. Adenovirus type 2 early proteins
synthesized in vitro and in vivo: identification in infected cells of the 38,000-
to 50,000-molecular-weight protein encoded by the left end of the adeno-
virus type 2 genome. J. Virol. 26:736–749.

42. Helin, K., E. Harlow, and A. Fattaey. 1993. Inhibition of E2F-1 transacti-
vation by direct binding of the retinoblastoma protein. Mol. Cell. Biol.
13:6501–6508.

43. Helin, K., C.-L. Wu, A. R. Fattaey, J. A. Lees, B. D. Dynlacht, C. Ngwu, and
E. Harlow. 1993. Heterodimerization of the transcription factors E2F-1 and
DP-1 leads to cooperative trans-activation. Genes Dev. 7:1850–1861.

44. Hepler, P. K., F. J. Sek, and P. C. L. John. 1994. Nuclear concentration and
mitotic dispersion of the essential cell cycle protein, p13suc1, examined in
living cells. Proc. Natl. Acad. Sci. USA 91:2176–2180.

45. Hinds, P. W., S. Mittnacht, V. Dulic, A. Arnold, S. I. Reed, and R. A.
Weinberg. 1992. Regulation of retinoblastoma protein functions by ectopic
expression of human cyclins. Cell 70:993–1006.

46. Horton, L. E., Y. Qian, and D. J. Templeton. 1995. G1 cyclins control the
retinoblastoma gene product growth regulation activity via upstream mech-
anisms. Cell Growth Differ. 6:395–407.

47. Howe, J. A., J. S. Mymryk, C. Egan, P. E. Branton, and S. T. Bayley. 1990.
Retinoblastoma growth suppressor and a 300-kDa protein appear to regu-
late cellular DNA synthesis. Proc. Natl. Acad. Sci. USA 87:5883–5887.

48. Howe, P. H., G. Draetta, and E. B. Leof. 1991. Transforming growth factor
b1 inhibition of p34cdc2 phosphorylation and histone H1 kinase activity is
associated with G1/S-phase growth arrest. Mol. Cell. Biol. 11:1185–1194.

49. Hu, Q. J., N. Dyson, and E. Harlow. 1990. The regions of the retinoblas-
toma protein needed for binding to adenovirus E1A or SV40 large T
antigen are common sites for mutations. EMBO J. 9:1147–1155.

50. Hunter, T. 1993. Braking the cycle. Cell 75:839–841.
51. Hunter, T., and J. Pines. 1994. Cyclins and cancer. II. Cyclin D and CDK

inhibitors come of age. Cell 79:573–582.
52. Ikeda, M.-A., and J. R. Nevins. 1993. Identification of distinct roles for

separate E1A domains in disruption of E2F complexes. Mol. Cell. Biol.
13:7029–7035.

53. Kaelin, W. G., M. E. Ewen, and D. M. Livingston. 1990. Definition of the
minimal simian virus 40 large T antigen- and adenovirus E1A-binding
domain in the retinoblastoma gene product. Mol. Cell. Biol. 10:3761–3769.

54. Kato, J., H. Matsushime, S. W. Hiebert, M. E. Ewen, and C. J. Sherr. 1993.
Direct binding of cyclin D to the retinoblastoma gene product (pRb) and
pRb phosphorylation by the cyclin D-dependent kinase CDK4. Genes Dev.
7:331–342.

55. Kato, J.-Y., M. Matsuoka, D. Strom, and C. J. Sherr. 1994. Regulation of
cyclin D-dependent kinase 4 (cdk4) by cdk4-activating kinase. Mol. Cell.

Biol. 14:2713–2721.
56. Kitagawa, M., H. Higashi, I. Suzuki-Takahashi, K. Segawa, S. K. Hanks, U.

Taya, S. Nishimura, and A. Okuyama. 1995. Phosphorylation of E2F-1 by
cyclin A-cdk2. Oncogene 10:229–236.

57. Kleinberger, T., and T. Shenk. 1991. A protein kinase is present in a
complex with adenovirus E1A proteins. Proc. Natl. Acad. Sci. USA 88:
11143–11147.

58. Koff, A., A. Giordano, D. Desai, K. Yamashita, J. W. Harper, S. Elledge, T.
Nishimoto, D. O. Morgan, B. R. Franza, and J. M. Roberts. 1992. Forma-
tion and activation of a cyclin E-cdk2 complex during the G1 phase of the
human cell cycle. Science 257:1689–1693.

59. Krek, W., M. E. Ewen, S. Shirodkar, Z. Arany, W. G. Kaelin, Jr., and D. M.
Livingston. 1994. Negative regulation of the growth-promoting transcrip-
tion factor E2F-1 by a stably bound cyclin A-dependent protein kinase. Cell
78:161–172. (Abstract.)

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

61. La Thangue, N. B. 1994. DRTF1/E2F: an expanding family of het-
erodimeric transcription factors implicated in cell-cycle control. Trends
Biochem. Sci. 19:108–114.

62. Lee, J.-S., K. M. Galvin, R. H. See, R. Eckner, D. Livingston, E. Moran, and
Y. Shi. 1995. Relief of YY1 transcriptional repression by adenovirus E1A is
mediated by E1A-associated protein p300. Genes Dev. 9:1188–1198.

63. Lees, E., B. Faha, V. Dulic, S. I. Reed, and E. Harlow. 1992. Cyclin E/cdk2
and cyclin A/cdk2 kinases associate with p107 and E2F in a temporally
distinct manner. Genes Dev. 6:1874–1885.

64. Li, Y., C. Graham, S. Lacy, A. M. V. Duncan, and P. Whyte. 1993. The
adenovirus E1A-associated 130-kD protein is encoded by a member of the
retinoblastoma gene family and physically interacts with cyclins A and E.
Genes Dev. 7:2366–2377.

65. Lucher, L. A., P. M. Loewenstein, and M. Green. 1985. Phosphorylation in
vitro of Escherichia coli-produced 235R and 266R tumor antigens encoded
by human adenovirus type 12 early transformation region 1A. J. Virol.
56:183–193.

66. Ludlow, J. W., and G. R. Skuse. 1995. Viral oncoprotein binding to pRb,
p107, p130, and p300. Virus Res. 35:113–121.

67. Lundblad, J. R., R. P. S. Kwok, M. E. Laurance, M. L. Harter, and R. H.
Goodman. 1995. Adenoviral E1A-associated p300 is a functional homo-
logue of the transcriptional co-activator CBP. Nature (London) 374:85–88.

67a.Mal, A. Unpublished data.
68. Mal, A., and M. L. Harter. Unpublished data.
69. Mal, A., R. Y. C. Poon, P. H. Howe, H. Toyoshima, T. Hunter, and M. L.

Harter. The E1A oncoprotein disables the CDK inhibitor, p27Kip1 in
TGF-b treated cells. Nature (London), in press.

70. Matsushime, H., M. E. Ewen, D. K. Strom, J.-Y. Kato, S. K. Hanks, M. F.
Roussel, and C. J. Sherr. 1992. Identification and properties of an atypical
catalytic subunit (p34PSK-J3/cdk4) for mammalian D type G1 cyclins. Cell
71:323–334.

71. Matsushime, H., D. E. Quelle, S. A. Shurtleff, M. Shibuya, C. J. Sherr, and
J. Kato. 1994. D-type cyclin-dependent kinase activity in mammalian cells.
Mol. Cell. Biol. 14:2066–2076.

72. McVey, D., L. Brizuela, I. Mohr, D. R. Marshak, and Y. Gluzman. 1989.
Phosphorylation of large tumour antigen by cdc2 stimulates SV40 DNA
replication. Nature (London) 341:503–507.

73. Meyerson, M., G. H. Enders, C.-L. Wu, L.-K. Su, C. Gorka, C. Nelson, E.
Harlow, and L.-H. Tsai. 1992. A family of human cdc2-related protein
kinases. EMBO J. 11:2909–2917.

74. Meyerson, M., and E. Harlow. 1994. Identification of G1 kinase activity for
cdk6, a novel cyclin D partner. Mol. Cell. Biol. 14:2077–2086.

75. Missero, C., E. Filvaroff, and G. P. Dotto. 1991. Induction of transforming
growth factor b1 resistance by the E1A oncogene requires binding to a
specific set of cellular proteins. Proc. Natl. Acad. Sci. USA 88:3489–3493.

76. Moodie, S. A., B. M. Willumsen, M. J. Weber, and A. Wolfman. 1993.
Complexes of Ras.GTP with Raf-1 and mitogen-activated protein kinase
kinase. Science 260:1658–1661.

77. Moran, E. 1994. Cell growth control mechanisms reflected through protein
interactions with the adenovirus E1A gene products. Semin. Virol. 5:327–
340.

78. Muller, R. 1995. Transcriptional regulation during the mammalian cell
cycle. Trends Genet. 11:173–178.

79. Muller, R., D. Mumberg, and F. C. Lucibello. 1993. Signals and genes in the
control of cell-cycle progression. Biochim. Biophys. Acta 1155:151–179.

80. Nevins, J. R. 1993. Disruption of cell-cycle control by viral oncoproteins.
Biochem. Soc. Trans. 21:935–938.

81. Ohtsubo, M., and J. M. Roberts. 1993. Cyclin-dependent regulation of G1
in mammalian fibroblasts. Science 259:1908–1912.

82. Pagano, M., R. Pepperkok, F. Verde, W. Ansorge, and G. Draetta. 1992.
Cyclin A is required at two points in the human cell cycle. EMBO J.
11:961–971.

83. Pines, J., and T. Hunter. 1990. p34cdc2: the S and M kinase. New Biol.
2:389–401.

84. Pines, J., and T. Hunter. 1990. Human cyclin A is adenovirus E1A-associ-

2920 MAL ET AL. J. VIROL.



ated protein p60 and behaves differently from cyclin B. Nature (London)
346:760–763.

85. Poon, R. Y. C., K. Yamashita, J. P. Adamczewski, T. Hunt, and J. Shuttle-
worth. 1993. The cdc2-related protein p40M015 is the catalytic subunit of a
protein kinase that can activate p33cdk2 and p34cdc2. EMBO J. 12:3123–
3132.

86. Poon, R. Y. C., K. Yamashita, M. Howell, M. A. Ershler, A. Belyavsky, and
T. Hunt. 1994. Cell cycle regulation of the p34cdc2/p33cdk2-activating kinase
p40M015. J. Cell Sci. 107:2789–2799.

87. Quelle, D. E., R. A. Ashmun, S. A. Shurtleff, J. Kato, D. Bar-Sagi, M. F.
Roussel, and C. J. Sherr. 1993. Overexpression of mouse D-type cyclins
accelerates G1 phase in rodent fibroblasts. Genes Dev. 7:1559–1571.

88. Rao, L., M. Debbas, P. Sabbatini, D. Hockenbery, S. Korsmeyer, and E.
White. 1992. The adenovirus E1A proteins induce apoptosis which is in-
hibited by the E1B 19-kDa and Bcl-2 proteins. Proc. Natl. Acad. Sci. USA
89:7742–7746.

89. Raychaudhure, P., S. Bagchi, S. H. Devoto, V. B. Kraus, E. Moran, and J. R.
Nevins. 1991. Domains of the adenovirus E1A protein required for onco-
genic activity are also required for dissociation of E2F transcription factor
complexes. Genes Dev. 5:1200–1211.

90. Richter, J. D., J. M. Slavicek, J. F. Schneider, and N. C. Jones. 1988.
Heterogeneity of adenovirus type 5 E1A proteins: multiple serine phosphor-
ylations induce slow-migrating electrophoretic variants but do not affect
E1A-induced transcriptional activation or transformation. J. Virol.
62:1948–1955.

91. Roach, P. J. 1991. Multisite and hierarchal protein phosphorylation. J. Biol.
Chem. 266:14139–14142.

92. Rosenblatt, J., Y. Gu, and D. O. Morgan. 1992. Human cyclin-dependent
kinase 2 is activated during the S and G2 phases of the cell cycle and
associates with cyclin A. Proc. Natl. Acad. Sci. USA 89:2824–2828.

93. Ruderman, J. V. 1993. MAP kinase and the activation of quiescent cells.
Curr. Opin. Cell Biol. 5:207–213. (Review.)

94. Russo, G. L., M. T. Vandenberg, I. J. Yu, Y.-S. Bae, B. R. Franza, Jr., and
D. R. Marshak. 1992. Casein kinase II phosphorylates p34cdc2 kinase in G1
phase of the HeLa cell division cycle. J. Biol. Chem. 267:20317–20325.

95. Schwarz, J. K., S. H. Devoto, E. J. Smith, S. P. Chellappan, L. Jakoi, and
J. R. Nevins. 1993. Interactions of the p107 and Rb proteins with E2F
during the cell proliferation response. EMBO J. 12:1013–1020.

96. Shenk, T., and J. Flint. 1991. Transcriptional and transforming activities of
the adenovirus E1A proteins. Adv. Cancer Res. 57:47–85.

97. Sherr, C. J. 1993. Mammalian G1 cyclins. Cell 73:1059–1065.
98. Sherr, C. J. 1994. G1 phase progression: cycling on cue. Cell 79:551–555.
99. Sherr, C. J. 1995. D-type cyclins. Trends Biochem. Sci. 20:187–190.
100. Smith, C. L., C. Debouck, M. Rosenberg, and J. S. Culp. 1989. Phosphor-

ylation of serine residue 89 of human adenovirus E1A proteins is respon-
sible for their characteristic electrophoretic mobility shifts, and its mutation
affects biological function. J. Virol. 63:1569–1577.

101. Smith, D. H., and E. B. Ziff. 1988. The amino-terminal region of the
adenovirus serotype 5 E1a protein performs two separate functions when
expressed in primary baby rat kidney cells. Mol. Cell. Biol. 8:3882–3890.

102. Stabel, S., P. Argos, and L. Philipson. 1985. The release of growth arrest by
microinjection of adenovirus E1A DNA. EMBO J. 4:2329–2336.

103. Stacey, D. W., S. F. Dobrowolski, A. Piotrkowski, and M. L. Harter. 1994.
The adenovirus E1A protein overrides the requirement for cellular ras in
initiating DNA synthesis. EMBO J. 13:6107–6114.

104. Traugh, J. A. 1989. Approaches to examine the role of multiple serine
protein kinases in coordinate regulation of cell growth, p. 173–202. In

Advances in the regulation of cell growth. Raven, New York.
105. Tremblay, M. L., D. J. Dumont, and P. E. Branton. 1989. Analysis of

phosphorylation sites in the exon 1 region of E1A proteins of human
adenovirus type 5. Virology 169:397–407.

106. Tremblay, M. L., C. J. McGlade, G. E. Gerber, and P. E. Branton. 1988.
Identification of the phosphorylation sites in early region 1A proteins of
adenovirus type 5 by amino acid sequencing of peptide fragments. J. Biol.
Chem. 263:6375–6383.

107. Vindelov, L. L., I. J. Christensen, and N. I. Nissen. 1983. A detergent-
trypsin method for the preparation of nuclei for flow cytometric DNA
analysis. Cytometry 3:323–327.

108. Wang, D.-M., B. Dalie, and M. L. Harter. 1992. The adenovirus E1A 243R
protein purified from Escherichia coli under nondenaturing conditions is
found in association with dnaK. Protein Expr. Purif. 3:8–17.

109. Wang, H.-G. H., Y. Rikitake, M. C. Carter, P. Yaciuk, S. E. Abraham, B.
Zerler, and E. Moran. 1993. Identification of specific adenovirus E1A
N-terminal residues critical to the binding of cellular proteins and the
control of cell growth. J. Virol. 67:476–488.

110. Webster, K. A., G. E. O. Muscat, and L. Kedes. 1988. Adenovirus E1A
products suppress myogenic differentiation and inhibit transcription from
muscle-specific promoters. Nature (London) 332:553–557.

111. Weinberg, R. A. 1995. The retinoblastoma protein and cell cycle control.
Cell 81:323–330.

112. Welch, P. J., and J. Y. J. Wang. 1992. Coordinated synthesis and degrada-
tion of cdc2 in the mammalian cell cycle. Proc. Natl. Acad. Sci. USA
89:3093–3097.

113. Whyte, P. K., K. Buchkovich, J. M. Horowitz, S. H. Friend, M. Raybuck,
R. A. Weinberg, and E. Harlow. 1988. Association between an oncogene
and an anti-oncogene: the adenovirus E1A proteins bind to the retinoblas-
toma gene product. Nature (London) 334:124–129.

114. Wu, C.-L., L. R. Zukerberg, C. Ngwu, E. Harlow, and J. A. Lees. 1995. In
vivo association of E2F and DP family proteins. Mol. Cell. Biol. 15:2536–
2546.

115. Xiong, Y., H. Zhang, and D. Beach. 1992. D type cyclins associate with
multiple protein kinases and the DNA replication and repair factor PCNA.
Cell 71:505–514.

116. Xiong, Y., H. Zhang, and D. Beach. 1993. Subunit rearrangement of the
cyclin-dependent kinases is associated with cellular transformation. Genes
Dev. 7:1572–1583.

117. Yaciuk, P., and E. Moran. 1991. Analysis with specific polyclonal antiserum
indicates that the E1A-associated 300-kDa product is a stable nuclear
phosphoprotein that undergoes cell cycle phase-specific modification. Mol.
Cell. Biol. 11:5389–5397.

118. Yee, S.-P., and P. E. Branton. 1985. Detection of cellular proteins associ-
ated with human adenovirus type 5 early region 1A polypeptides. Virology
147:142–153.

119. Yee, S.-P., D. T. Rowe, M. L. Tremblay, M. McDermott, and P. E. Branton.
1983. Identification of human adenovirus early region 1 products using
antisera against synthetic peptides corresponding to the predicted carboxy
termini. J. Virol. 46:1003–1013.

120. Yu, I. J., D. L. Spector, Y.-S. Bae, and D. R. Marshak. 1991. Immunocy-
tochemical localization of casein kinase II during interphase and mitosis. J.
Cell Biol. 114:1217–1232.

121. Zhu, L., S. van den Heuvel, K. Helin, A. Fattaey, M. Ewen, D. Livingston,
N. Dyson, and E. Harlow. 1993. Inhibition of cell proliferation by p107, a
relative of the retinoblastoma protein. Genes Dev. 7:1111–1125.

VOL. 70, 1996 cdks PHOSPHORYLATE ADENOVIRUS E1A 2921


