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The transcription factor E2F and its regulation by pRB and related pocket proteins are central to cell cycle
control in higher eukaryotes. Much of our knowledge of this regulation has come from studies using imme-
diate-early proteins of DNA tumor viruses. Previously, we reported that the 72-kDa immediate-early region 1
gene product of the human cytomegalovirus, IE72, transactivates the dihydrofolate reductase promoter
through the E2F site and that it physically interacts with E2F1 (M. J. Margolis, S. Pajovic, E. L. Wong, M.
Wade, R. Jupp, J. A. Nelson, and J. C. Azizkhan, J. Virol. 69:7759–7767, 1995). In this study, we further
characterized the mechanism by which IE72 modulates E2F-dependent transcription. In vitro phosphorylation
reactions using gel-purified bacterially expressed proteins revealed that IE72 is a kinase that autophos-
phorylates and phosphorylates E2F1, -2, and -3 (but not E2F4 or -5) and the RB-related pocket proteins p130
and p107 (but not pRB). The region of IE72 spanning amino acids 173 to 197 shows a high level of homology
to the ATP binding sites in over 500 kinases. The kinase-negative protein IE72DATP, from which this region
has been deleted, cannot activate E2F-dependent transcription. The kinase activity of IE72 is also required for
its ability to reduce the association of E2F4 with p107 and p130. Taken together, these data suggest that the
kinase activity of IE72 is required for E2F-dependent transcriptional activation and that this is likely to result
from phosphorylation of specific members of the E2F and pocket protein families by IE72.

E2F was originally identified as a transcription factor re-
quired by E1A for activation of the adenovirus E2 promoter.
The gene encoding dihydrofolate reductase (DHFR) was the
first cellular gene shown to contain a binding site for E2F (6),
and transactivation of its promoter by adenovirus E1A was
found to be E2F dependent (18). Subsequently, E2F was
shown to be involved in the cell cycle regulation of several
genes important in cellular growth control (for reviews, see
references 23, 24, and 38). E2F activity is regulated by its
interaction with the product of the tumor suppressor retino-
blastoma susceptibility gene, pRB, and the related pocket pro-
teins, p107 and p130, which are themselves tightly regulated
during differentiation (36) and the cell cycle (for a review, see
reference 32). With the cloning of E2F1, followed by the clon-
ing of other, related proteins, E2F was shown to consist of a
family with five members that heterodimerize with DP1 or
DP2, which are members of a related protein family (for a
review, see reference 23). The different E2F family members
show specificity in their interactions with the pocket proteins;
whereas E2F4 is able to interact with all of the pocket proteins,
E2F1, -2, and -3 appear to interact only with pRB and E2F5
apparently interacts only with p130 (4, 13, 16, 19, 21, 25, 29).
Modulation of transcription from promoters containing E2F
sites can be achieved through increased E2F transactivation
activity by release of free E2F from E2F-pocket protein com-
plexes and/or by active repression of transcription by pocket
proteins brought to the promoter by E2F (for a review, see
references 5 and 37). Interaction of E2Fs with the pocket
proteins is regulated by phosphorylation of one or both com-
ponents of the complex. E2F-dependent transcription is acti-
vated in late G1 phase by hyperphosphorylation of pRB, which

leads to disruption of the inhibitory pRB-E2F complex. E2Fs
and the pocket proteins are differentially expressed and phos-
phorylated, providing exquisite regulatory potential (12, 45).

The regulation of E2F is a key target for DNA viruses, which
have played an important role in the elucidation of the role of
E2F in cellular proliferation and the mechanisms of its control
(for a review, see reference 30). For example, adenovirus E1A
not only led to the original identification of E2F but was also
instrumental in the identification of functions of pRB. Binding
of pRB and the other pocket proteins by E1A and other viral
immediate-early (IE) proteins (e.g., simian virus large T anti-
gen and papillomavirus E7) blocks their ability to associate
with E2F and leads to an induction of E2F-dependent tran-
scription (9). This activity is essential for the ability of the viral
proteins to transform cells, highlighting the importance of
E2F-pocket protein complexes in cell cycle and growth regu-
lation (for a review, see reference 32).

A link between E2F and gene activation by the human cy-
tomegalovirus (HCMV) was established by the demonstra-
tion that the major HCMV IE gene products can comple-
ment an E1A-deficient adenovirus strain and can
transactivate the adenovirus E2 promoter (17, 40, 41).
Moreover, E2F sites are present in the promoters of several
cellular genes activated by HCMV infection, including those
encoding DHFR, DNA polymerase a, and c-Myc (33, 42).
These findings implicate E2F as a likely target through which
HCMV activates cellular gene expression. Indeed, we have
previously determined that HCMV targets E2F via one of its
IE proteins, IE72 (28, 43). The data presented here demon-
strate that this activation occurs by a novel mechanism among
viral IE proteins in that it requires an enzymatic activity of
IE72; IE72 was shown to be a protein kinase with selective
substrate specificity for different E2F and pocket protein fam-
ily members, and its kinase activity was found to be required
for activation of E2F-dependent transcription.
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MATERIALS AND METHODS

Cell culture and transient transfection. U373-MG cells were grown in mono-
layers in Dulbecco modified Eagle medium supplemented with 10% fetal calf
serum (GIBCO) under an atmosphere of 10% CO2 and were passaged into
100-mm-diameter plastic tissue culture dishes (3 3 105 cells/dish) the day before
transfection. Cells were transfected with double-cesium-banded plasmid DNA by
calcium phosphate coprecipitation (10). Cells were harvested by scraping and
then lysed by three freeze-thaw cycles. Clarified supernatants were assayed for
luciferase activity by use of the Promega luciferase assay kit and a Berthold
luminometer. Chloramphenicol acetyltransferase (CAT) activity was measured
by a fluor diffusion assay using [3H]acetyl coenzyme A (200 mCi/mmol; NEN) as
described previously (31).

Preparation of 32P-labeled IE72 from cells. Cells were incubated for 2 h in
phosphate-free medium containing 10% dialyzed fetal calf serum (GIBCO) and
then for 2 h in 40 mCi of [32P]orthophosphate per ml of phosphate-free Dulbecco
modified Eagle medium supplemented with 10% dialyzed fetal calf serum. Cells
were lysed in RIPA buffer (phosphate-buffered saline containing 1% [wt/vol]
Nonidet P-40, 0.5% [wt/vol] sodium deoxycholate, and 0.1% [wt/vol] sodium
dodecyl sulfate [SDS]) supplemented with 0.1 mM sodium vanadate and 0.1 mM
sodium fluoride; IE72 was immunoprecipitated by addition of a polyclonal an-
tibody that specifically recognizes IE72 (a1-2). After being washed four times
with RIPA buffer at 20°C, immunoprecipitates were resolved by SDS–8% poly-
acrylamide gel electrophoresis (PAGE), transferred to polyvinylidene difluoride
(PVDF) membranes, autoradiographed, and subjected to Western blotting.

Coupled transcription-translation of CMV IE proteins. IE72, E2Fs, and DP1
were synthesized by coupled transcription-translation, with the Promega TNT
reticulocyte lysate kit, from cDNAs cloned into the pBluescriptII KS vector
(Stratagene). Briefly, 1 mg of plasmid DNA (1 mg/ml) was added to a 50-ml
reaction mixture containing the appropriate reaction buffer, a methionine-free
amino acid mixture, and 20 mCi of [35S]methionine (1,000 Ci/mmol) in accor-
dance with the manufacturer’s instructions.

In vitro phosphorylation of IE72. His-IE72 and glutathione S-transferase
(GST)-IE72 were purified from Escherichia coli as described previously (28). The
purified IE72, bound to the Ni21-nitrilotriacetic acid (NTA) or glutathione-
Sepharose, was incubated in kinase buffer (25 mM HEPES [pH 7.4]–10% glyc-
erol–100 mM NaCl–0.1 mM sodium vanadate–10 mM MgCl2–5 mM MnCl2) in
the presence of 5 mCi of [g-32P]ATP for 30 min at 37°C. Reactions were stopped
by addition of EDTA to a final concentration of 10 mM. The beads were washed,
and bound proteins were analyzed by SDS–8% PAGE, Coomassie blue staining,
and autoradiography.

Phosphoamino acid analysis. Bands containing phosphorylated IE72 were
excised from the PVDF membranes and subjected to phosphoamino acid anal-
ysis by acid hydrolysis followed by two-dimensional electrophoresis on cellulose
microcrystalline plates in the presence of marker phosphoamino acids, as de-
scribed previously (8). The first dimension of electrophoresis was performed in
buffer I (44:156:1,800 formic acid-acetic acid-deionized H2O [dH2O], pH 1.9) for
45 min at 1,500 V; the second dimension was performed in buffer II (100:10:1,890
acetic acid-pyridine-dH2O) for 30 min at 1,300 V. The electrophoresis plate was
dried, stained with ninhydrin, and exposed to X-ray film.

Plasmid constructs. cDNAs encoding E2F1 and -2 were provided by K. Helin,
E2F3 cDNA was obtained from W. Krek, and E2F4 and -5 cDNAs were provided
by R. Bernards. The expression constructs for pRB (pRB60), p107, and p130 were
kindly provided by J. Horowitz, M. Ewen, and P. Whyte, respectively. The DHFR
reporter constructs used in transient transfection assays contain sequences derived
from the hamster DHFR promoter (nucleotide positions 2210 to 223 [with ATG
at 11]) driving expression of luciferase. The wild-type DHFR promoter construct
contains four Sp1 sites and the dyad E2F sites (7). DHFRDE2F contains a substi-
tution of TA at positions 257 and 256 and does not bind E2F (6).

Construction of IE72 deletion mutants. The GST-IE72 clones expressing only
exons 2 and 3 (Dexon4) (exon 1 is not translated) and exon 4 alone (Dexon1–3)
were made by PCR from the IE72 cDNA in Bluescript. The cDNA region
encoding amino acid residues 1 to 85 was amplified by using primers with the
following sequences: 59-ACGAATTCGGATCCATGGAGTCCTCTGCCAAG
AG-39 (59 primer) and 59-ACGAATTCGGATCCTGATTATTCTGCCAGGA
CATC-39 (39 primer). The 59 primer used to generate the region encoding exon
4 had the sequence 59-ACGAATTCGGATCCATGCTCGTCAAACAGATT39,
and the 39 primer had the sequence 59-ACGAATTCGGATCCATCCTGATTA
GTGGGATCCATAACAGTAAC-39 (39 to the stop codon). Clones were veri-
fied by sequencing.

The IE72 clone from which the ATP binding site was deleted was generated by
two different PCR reactions using the IE72 cDNA. The cDNA region encoding
amino acid residues 1 to 173 was amplified by using primers with the sequences
59-ACGAATTCGGATCCATGGAGTCCTCTGCCAAGAG-39 (59 primer) and
59-CGAATTCCTCCTTAATACA-39 (39 primer), and the region encoding
amino acid residues 194 to 492 was amplified by using a primer with the sequence
59-CGAATTCGATGAACTTAGG-39 (59 primer) and the aforementioned 39
primer (39 to the stop codon). The EcoRI sites generated at the ends of the
resulting PCR products were cleaved with EcoRI and ligated. The resulting
larger fragment, containing nucleotides 1 to 492, was cleaved with BamHI and
subcloned into the BamHI site of the pGEX2T vector. In this way, the ATP
binding site was deleted and codons for two amino acids (Glu and Phe) were

inserted. The clone was confirmed by sequencing, and the identity of the protein
expressed by the clone was verified by Western blot analysis using the IE72-specific
antibody. To make a eukaryotic expression clone, the BamHI fragment from
pGEX2T was subcloned in the appropriate orientation into pSG5 (Stratagene).

EMSAs. Electrophoretic mobility shift assays (EMSAs) were carried out as
described previously, with a radiolabeled DNA fragment from nucleotide posi-
tions 2103 to 223 of the hamster DHFR promoter as the probe (28).

RESULTS

Phosphorylation of IE72 does not require other viral pro-
teins. IE72 has been shown to be phosphorylated in HCMV-
infected cells (17, 35). To determine if IE72 phosphorylation
required viral infection, phosphorylation of IE72 in U373 cells
which were infected with HCMV was compared to that in cells
stably expressing His-tagged IE72 (provided by Jay Nelson).
Cells were incubated with [32P]orthophosphate and then lysed
in RIPA buffer, and IE72 was immunoprecipitated with a spe-
cific antibody. IE72 is phosphorylated in these cells (Fig. 1A,
lanes 2 and 4). It is unlikely that the phosphoprotein visualized
resulted from precipitation of a nonspecific protein, since it
comigrated with IE72, as detected by Western blotting (Fig.
1B), and was not detected in mock-infected or control cells
(Fig. 1A, lanes 1 and 3). Phosphoamino acid analysis of IE72
isolated from either infected cells or cells expressing His-IE72
detected only phosphoserine, indicating that the majority of
the phosphorylation is on serine residues (Fig. 1C). Thus, IE72
is phosphorylated even in the absence of HCMV infection,

FIG. 1. IE72 is a phosphoprotein which is phosphorylated on serine residues.
(A and B) U373 cells were mock infected (lane 1) or infected with the Towne
strain of HCMV at a multiplicity of infection of 5 for 17 h (lane 2) and then
labeled with [32P]orthophosphate for 2 h. Parental U373 (lane 3) and U373
stably expressing His-IE72 (lane 4) were labeled in the same manner, and then
cells were lysed in RIPA buffer and immunoprecipitated with an IE72-specific
polyclonal antibody. (A) Immunoprecipitated material was resolved by SDS–8%
PAGE, transferred to PVDF membranes, and autoradiographed. (B) Western
blot of the same immunoprecipitates probed with IE72-specific antibody and
detected by enhanced chemiluminescence. (C) Phosphorylated IE72 (panel A,
lanes 2 and 4) bands were excised from the PVDF and subjected to phos-
phoamino acid analysis followed by two-dimensional electrophoresis as de-
scribed in Materials and Methods. The positions of marker phosphoamino acids
phosphoserine (S), phosphothreonine (T), and phosphotyrosine (Y) are indi-
cated by dotted ellipses. Arrows denote the positions of the free phosphate.
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indicating that IE72 can be phosphorylated by a cellular kinase
and/or that it is a kinase itself.

IE72 is a kinase. To determine if phosphorylation of IE72
could be attributed to kinase activity of the protein itself,
His-IE72 was expressed in E. coli, purified by Ni-NTA affinity
chromatography, and incubated in kinase buffer containing
[g-32P]ATP. His-IE72 was phosphorylated in these in vitro
assays (Fig. 2A, lane 1). This phosphorylation appeared to be
due to autophosphorylation by IE72 rather than a copurifying
kinase, since extraction of His-IE72 with up to 1 M potassium
chloride did not affect its kinase activity (Fig. 2A). This was
confirmed by demonstrating that both GST-IE72 and His-IE72
retain their autophosphorylation activity following purification
by SDS-PAGE and renaturation (Fig. 2B). Phosphorylation
resulting from the fortuitous comigration of a bacterial kinase
is highly unlikely since His-IE72 and GST-IE72 migrate differ-
ently on SDS-PAGE gels. Taken together, these data confirm
that IE72 is a protein kinase. Phosphoamino acid analysis of in
vitro-phosphorylated His-IE72 from bacteria detected only
phosphoserine (data not shown).

Properties of the IE72 kinase. Either magnesium or manga-
nese could support the kinase activity of IE72; in the absence
of Mg21, the minimum concentration of Mn21 required for
autophosphorylation was between 5 and 10 mM, whereas the
minimum concentration of Mg21 alone was between 10 and 15
mM (Fig. 3, left panel). The kinase could utilize GTP as well as
ATP as a phosphate donor (Fig. 3, right panel). The utilization
of GTP is a feature of casein kinase II, which can also utilize
manganese; however, the kinase activity of IE72 is not inhib-
ited by up to 100 nM heparin sulfate (data not shown), a
feature that distinguishes it from casein kinase II (2).

IE72 kinase activity resides in the region encoded by exon 4.
Deletion mutants of IE72 were used to identify the region(s) of
the protein required for autophosphorylation. The peptide ex-
pressed by a construct containing only exons 2 and 3 (Dexon4)
had no kinase activity, and deletion of the regions encoded by
exons 2 and 3 from IE72 had no apparent effect on its kinase
activity (Fig. 4A). Taken together, these data demonstrate that
the kinase function is encoded by exon 4. The localization of
the kinase activity to exon 4 is consistent with the fact that
IE86, which has coding exons 2 and 3 in common with IE72,
does not display kinase activity (data not shown). Regions of
the amino acid sequence of IE72 in exon 4 conform to features
of a kinase (Fig. 4B). There is a potential divalent-cation bind-
ing site (46) between amino acid residues 245 and 248 (Fig.

4B). Furthermore, the sequence of the protein between amino
acid residues 173 and 197 is homologous to the ATP binding
sites of over 500 other kinases.

The putative ATP binding site of IE72 was deleted to de-
termine if it was required for kinase activity and in the hope of
generating a kinase-negative IE72 for further functional studies;
the resulting construct was designated IE72DATP. In vitro kinase
reactions performed with the wild type and GST-IE72DATP
demonstrated that the mutated protein isolated from E. coli can-
not autophosphorylate (Fig. 5, lane 3), indicating that this region
of the protein is required for kinase activity. However, it can serve
as a substrate for wild-type IE72 (Fig. 5, lane 5). Therefore, an
autophosphorylation site(s) lies outside of the ATP binding site,
and IE72 can phosphorylate itself in trans.

Specificity of IE72 kinase for E2Fs and pocket proteins.
Having identified IE72 as a kinase, we sought to identify other
substrates for its kinase activity. Since phosphorylation of the
E2Fs and the pRB family of proteins is cell cycle regulated and
affects E2F-dependent transcription, we tested whether they
could be phosphorylated by IE72. In our in vitro kinase reaction,
E2F1, -2, and -3 were phosphorylated by IE72 whereas E2F4 and
E2F5 were not (Fig. 6, left panels). These studies also demon-
strated that IE72 can phosphorylate p107 and p130 but not pRB
(Fig. 6, right panels). Consistent with its inability to autophospho-
rylate, IE72DATP was unable to phosphorylate any of the E2Fs
or pocket proteins (data not shown). Thus, IE72 kinase has sub-
strate specificity within the E2F and pocket protein families.

The kinase activity of IE72 is required for its effects on E2F
activities. To determine the functional role of the IE72 kinase
activity, kinase-deficient IE72 (IE72DATP) was tested for its
transactivation activity. IE72 or IE72DATP was cotransfected
into U373 cells with a plasmid containing the luciferase reporter
gene under the control of the hamster DHFR promoter. As noted
previously (28), activation of the DHFR promoter by IE72 is
concentration dependent (Fig. 7). Equivalent expression of IE72
and IE72DATP was verified by Western blotting (data not
shown); significant activation of transcription by IE72DATP was
not observed at any concentration (Fig. 7). Therefore, the trans-
activation effects of IE72 appear to require its kinase activity.

Two repressors of E2F activity, p107 and p130, are phos-
phorylated by IE72. We therefore examined the effect of IE72
on E2F-p130 and E2F-p107 complexes. 35S-labeled E2F4 as-
sociated in vitro with GST-p107 and with GST-p130 (Fig. 8A,
lanes 1 and 4). When wild-type IE72 was added to the reaction
mixtures, E2F4-p130 and E2F4-p107 complexes were not de-
tected, indicating that IE72 can prevent association of these
complexes and/or cause their dissociation (Fig. 8A). In con-
trast, IE72DATP had no effect on the complexes (Fig. 8A).
These findings were confirmed by performing EMSAs in which
IE72 was added to reaction mixtures containing an E2F DNA

FIG. 2. IE72 is a kinase. (A) His-IE72 was purified from E. coli by Ni21-NTA
chromatography as described in Materials and Methods and incubated with the
indicated concentration of KCl; this was followed by in vitro kinase reactions
with [g-32P]ATP and resolution by SDS–8% PAGE and autoradiography. (B)
HIS-IE72 and GST-IE72 proteins were purified by Ni21-NTA-agarose and glu-
tathione-Sepharose chromatography, respectively, and then separated by
SDS–8% PAGE and stained with Coomassie blue. Gel slices containing the
purified proteins were soaked in dH2O for 2 to 3 h to remove the SDS and then
incubated with Ni21-NTA-agarose or glutathione-Sepharose for 4 to 5 h to elute
the protein (ca. 200 ng). Proteins were subjected to in vitro phosphorylation
reactions for the indicated periods of time; this was followed by SDS–8% PAGE
and then autoradiography for 1 to 24 h. The arrows indicate HIS-IE72 (bottom)
and GST-IE72 (top).

FIG. 3. His-IE72 autophosphorylation can utilize either Mg21 or Mn21 and
either ATP or GTP. (Left) Bacterially expressed His-IE72 was affinity purified
and then incubated in kinase buffer (25 mM HEPES [pH 7.4]–10% glycerol–100
mM NaCl–0.1 mM sodium vanadate–5 mCi of [g-32P]ATP) containing the indi-
cated amounts of MgCl2 and/or MnCl2; this was followed by SDS–8% PAGE and
then autoradiography. (Right) Purified His-IE72 was incubated in kinase buffer
containing 5 mM MnCl2 and 10 mM MgCl2 alone (2) or with 5 mCi of either
[g-32P]ATP or [g-32P]GTP for 30 min at 37°C; this was followed by SDS–8%
PAGE and autoradiography.
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binding site probe, in vitro cotranslated E2F4 and DP1, and
either GST-p107 or GST-p130. The level of pocket protein-
containing complexes was decreased and free E2F DNA bind-
ing activity was increased when wild-type IE72 was added,
whereas IE72DATP did not affect the level of E2F-pocket
protein complexes (Fig. 8B). The inability of the kinase-defi-
cient IE72 to affect the complexes in either assay indicates that
this activity requires the kinase function. Taken together with
the transient-transfection data, these data indicate that the
ability of IE72 to activate E2F-dependent transcription may be
due, at least in part, to blocked formation and/or dissociation
of inhibitory complexes through its kinase activity.

DISCUSSION

We have identified a kinase activity in the HCMV IE72
protein with unique biochemical properties and substrate spec-
ificity. IE72 can phosphorylate itself, E2F1 to -3, and the
pocket proteins p107 and p130, but not E2F4, E2F5, or pRB.
Removal of the putative ATP binding site of IE72 abolishes its
kinase activity. This mutation also abolishes its ability to acti-
vate E2F-dependent transcription and to reduce the associa-
tion of E2F4 with p107 and p130, indicating that the phosphor-
ylation of critical substrates by IE72 is required for its E2F-
dependent transactivation function.

Phosphorylation events are involved in the regulation of E2F
activity, but their precise regulation and effects are not under-
stood. Incubation of E2F with phosphatase inactivates its DNA
binding activity (3). Phosphorylation near the DNA binding
domain of E2F1 by cyclin A/cdk2 results in decreased binding
to DNA (22, 45). Phosphorylation of E2F1 on serines 332 and
337 has been shown to prevent its interaction with pRB and to
be a prerequisite for interaction with adenovirus E4 (12). In
contrast, phosphorylation of E2F1 on serine 375 has been
shown to enhance its affinity for pRB (34). Clearly, these data
argue that phosphorylation may be a critical factor in regula-
tion of E2F activity; however, the precise role of individual
phosphorylation events remains to be elucidated. The sub-
strate specificity of IE72 kinase is unique and should shed light
on the mechanism of transcriptional regulation by E2Fs. Current
experiments include precise mapping of the sites where IE72
phosphorylates the E2Fs and pocket proteins in order to deter-
mine the effects of this phosphorylation on transcriptional activity.

The substrate specificity of IE72 kinase is particularly inter-

esting in light of the specificity of interactions between the
E2Fs and pocket proteins. E2F1 to -3 preferentially interact
with pRB, E2F5 interacts preferentially with p130, and E2F4
interacts with all three pocket proteins. Interaction of an E2F
with pRB, p107, or p130 inhibits its transcriptional activity. The
interaction between an E2F and a pocket protein is dependent
on the phosphorylation states of both proteins (12). IE72 does
not phosphorylate pRB, and it does not affect E2F1-DP1-pRB
complexes under the conditions of our assays (data not shown).
In contrast, IE72 phosphorylates p107 and p130 in vitro and
dramatically reduces the levels of complexes containing E2F4-
DP1 and either p107 or p130. Use of the kinase-deficient IE72
mutant indicates that the effect of IE72 on the E2F-pocket
protein interaction is kinase dependent, as are its effects on

FIG. 4. The region of IE72 encoded by exon 4 is sufficient for autophosphorylation. (A) GST-IE72 proteins with the indicated regions of the protein deleted were
isolated by glutathione-Sepharose chromatography, band purified, in vitro phosphorylated, and analyzed by SDS–12% PAGE. The left panel shows an autoradiograph
of the gel, while the right panel shows the gel after Coomassie blue staining. The sizes of broad-range molecular weight markers (Bio-Rad) are indicated to the left.
W.T., wild-type IE72. (B) The amino acid sequence of IE72 (accession no. 00107). The presumptive ATP binding site from amino acid 173 to 196 revealed by PROSITE
analysis and the divalent-cation binding site are indicated by the shaded and unshaded boxes, respectively. The N terminus of the region encoded by exon 4 (amino
acid residue 86) is indicated by the arrowhead.

FIG. 5. A mutated version of IE72 with the putative ATP binding site deleted
has no kinase activity but can be phosphorylated by wild-type IE72. The indicated
fusion proteins, generated as described in Materials and Methods, were ex-
pressed in E. coli, isolated by Ni21-NTA affinity chromatography (lane 1) or
glutathione-Sepharose chromatography (lanes 2 to 5), and incubated with
[g-32P]ATP. In lanes 4 and 5, His-IE72 protein was added to the immobilized
GST proteins. After being washed four times with RIPA buffer, proteins were
resolved by SDS–10% PAGE, stained with Coomassie blue (lower panel), and
subjected to autoradiography (Autorad; upper panel). (Note: in lanes 4 and 5,
phosphorylated His-IE72 is not visualized because only material attached to the
glutathione beads was electrophoresed.) Protein molecular weight standards
(broad-range markers; Bio-Rad) were loaded in the lane designated M, and the
sizes are as indicated in Fig. 4.
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E2F-dependent transcription, indicating that reduction of
these complexes may be a mechanism of transcriptional acti-
vation by IE72. E2F-p130 complexes are most predominant in
quiescent G0 cells, whereas E2F-p107 complexes are most
abundant near the G1/S border (11). IE72 might increase free
E2F4 and E2F5 levels through phosphorylation of p130 and
p107, which would specifically activate transcription dependent
on E2F4 and/or E2F5 and drive cells out of G0 and toward S
phase (39). The presence of different E2F-pocket protein com-
plexes at different points in the cell growth and differentiation
cycles, together with the observed substrate specificity of IE72,
may enable IE72 to affect E2F-dependent transcription at spe-
cific points in the cell cycle. Furthermore, since the roles of
individual E2F family members are not clear at present, the
substrate specificity of IE72 may provide a useful tool for
studying the regulation of individual E2Fs and for elucidating
differences in their transcriptional specificities.

Both infection with HCMV and overexpression of E2F1 can
induce cells to proliferate (1, 27). Induction of E2F DNA binding
activity in cells infected with HCMV (43) and activation of E2F-
dependent transcription by IE72 (28) suggest that the E2F-de-
pendent effects of IE72 could be involved in the proliferative
response during HCMV infection. The kinase activity of IE72 is
essential for its activation of DHFR transcription, suggesting that
the phosphorylation of specific substrates by IE72 may play an

essential role in the enhanced activity of E2F in cells expressing
IE72 and may be a mechanism of HCMV-induced proliferation.

Whereas the IE proteins of several other DNA viruses in-
teract with the pocket proteins, IE72 additionally interacts with
the E2Fs (14). Although IE72 cannot interact with pRB (14),
it does interact with p107 (35), and IE86 associates with pRB
(14). As such, HCMV major IE proteins together may fulfill a
role similar to that of the IE proteins of other DNA viruses,
and the kinase activity of IE72 appears to be involved.

In addition to kinase function, other factors are involved in
transactivation by IE72. The kinase activity of IE72 is appar-
ently not sufficient for transactivation; deletion of exon 3 elim-
inates transactivation by IE72 (44) but does not prevent interac-
tion with E2F1, autophosphorylation, or phosphorylation of the
E2Fs or pocket proteins in vitro (data not shown). Experiments to
further elucidate the role of IE72 kinase activity in E2F-depen-
dent transcription and during HCMV infection are under way.

The mechanism by which IE72 activates E2F-dependent
transcription is novel among viral proteins in that it requires a

FIG. 6. IE72 can phosphorylate some members of the E2F and pocket pro-
tein families. His-IE72 protein was expressed in bacteria, isolated by Ni-NTA
chromatography, and gel purified. GST-E2F1 to -5 (left panels) and GST-pRB,
GST-p107, and GST-p130 (right panels) were isolated by glutathione-Sepharose
chromatography and incubated with [g-32P]ATP in the absence (2) or presence
(1) of purified His-IE72 (100 ng). After being washed, proteins were resolved by
SDS–10% PAGE and then stained with Coomassie blue (lower panels) and
subjected to autoradiography (upper panels).

FIG. 7. Deletion of the ATP binding site from IE72 abolishes activation of
DHFR transcription. U373 cells were cotransfected with RSV/CAT (0.5 mg), a
luciferase reporter vector (10 mg) driven by the wild-type DHFR promoter, and
2.5, 5, or 10 mg of wild-type IE72 or mutant IE72DATP and vector DNA to bring
the total concentration for each transfection to 20 mg of DNA. Cells were
harvested and lysed 48 h posttransfection and assayed for luciferase and CAT
activities. Data are presented in units of relative fold activation, which is lucif-
erase activity (in relative light units) divided by CAT activity (in counts per
minute) in each dish, with each relative value being divided by that obtained with
reporter constructs alone. Error bars represent standard errors of the means for
triplicate samples.

FIG. 8. Deletion of the IE72 ATP binding site abolishes its ability to prevent
formation of and/or dissociate E2F4-p107 and E2F4-p130 complexes. (A) 35S-
labeled E2F4 was made by in vitro translation. GST-p107 and GST-p130 were
isolated by glutathione-Sepharose chromatography and incubated with E2F4
alone (2; lanes 1 and 4) or with E2F4 in the presence of (1) IE72 (lanes 2 and
5) or IE72DATP (lanes 3 and 6). Initially, proteins were incubated for 30 min at
37°C in kinase buffer containing 10 mM ATP. Samples were then diluted to 1
mM MgCl2 and incubated for 1 h at 4°C. After extensive washing, samples were
resolved by SDS–10% PAGE and exposed to X-ray film for 24 h. wt, wild type.
(B) The E2F binding site from the DHFR promoter was labeled with 32P and
used as the probe (lane 1, probe alone), and complexes were formed using in
vitro-translated E2F4-DP1 heterodimer (E) and GST-p107 (lanes 3 to 5) or
GST-p130 (lanes 6 to 8). Approximately 10 ng of wild-type (wt) GST-IE72 (lanes
4 and 7) or GST-IE72DATP (lanes 5 and 8) was added to each reaction mixture
as indicated. GST-IE72 was phosphorylated in vitro by incubating it in kinase
buffer prior to adding it to the reaction mixtures; GST-IE72DATP was treated in
the same manner. After 20 min of binding to the probe, samples were resolved
on 4% polyacrylamide gels and then subjected to autoradiography.
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kinase function of IE72 itself. Since viral proteins have been
central to the elucidation of the regulation of E2F, the iden-
tification of this novel mechanism will hopefully provide a
useful tool for the further characterization of E2F regulatory
mechanisms. That this may extend to factors other than E2F is
indicated by the fact that the activities of some other transcrip-
tion factors that are activated by IE72 (e.g., AP1 and CTF) are
also regulated by phosphorylation (15, 20, 26).
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