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Earlier studies have shown that translation elongation factor 1� (EF-1�) is hyperphosphorylated in various
mammalian cells infected with representative alpha-, beta-, and gammaherpesviruses and that the modifica-
tion is mediated by conserved viral protein kinases encoded by herpesviruses, including UL13 of herpes
simplex virus type 1 (HSV-1), UL97 of human cytomegalovirus, and BGLF4 of Epstein-Barr virus (EBV). In
the present study, we attempted to identify the site in EF-1� associated with the hyperphosphorylation by the
herpesvirus protein kinases. Our results are as follows: (i) not only in infected cells but also in uninfected cells,
replacement of the serine residue at position 133 (Ser-133) of EF-1� by alanine precluded the posttranslational
processing of EF-1�, which corresponds to the hyperphosphorylation. (ii) A purified chimeric protein consist-
ing of maltose binding protein (MBP) fused to a domain of EF-1� containing Ser-133 (MBP-EFWt) is
specifically phosphorylated in in vitro kinase assays by purified recombinant UL13 fused to glutathione
S-transferase (GST) expressed in the baculovirus system. In contrast, the level of phosphorylation by the
recombinant UL13 of MBP-EFWt carrying an alanine replacement of Ser-133 (MBP-EFS133A) was greatly
impaired. (iii) MBP-EFWt is also specifically phosphorylated in vitro by purified recombinant BGLF4 fused to
GST expressed in the baculovirus system, and the level of phosphorylation of MBP-EFS133A by the recom-
binant BGLF4 was greatly reduced. (iv) The sequence flanking Ser-133 of EF-1� completely matches the
consensus phosphorylation site for a cellular protein kinase, cdc2, and in vitro kinase assays revealed that
purified cdc2 phosphorylates Ser-133 of EF-1�. (v) As observed with EF-1�, the casein kinase II � subunit
(CKII�) was specifically phosphorylated by UL13 in vitro, while the level of phosphorylation of CKII� by UL13
was greatly diminished when a serine residue at position 209, which has been reported to be phosphorylated
by cdc2, was replaced with alanine. These results indicate that the conserved protein kinases encoded by
herpesviruses and a cellular protein kinase, cdc2, have the ability to target the same amino acid residues for
phosphorylation. Our results raise the possibility that the viral protein kinases mimic cdc2 in infected cells.

The family Herpesviridae can be divided into three subfam-
ilies (the Alphaherpesvirinae, the Betaherpesvirinae, and the
Gammaherpesvirinae), and to date, approximately 130 herpes-
viruses have been identified from various animal species (41).
Despite the wide range of biological properties and pathogenic
manifestations of the herpesviruses, their genomes contain a
significant number of conserved genes (41). This conservation
suggests that the products of these genes play essential roles in
the life cycle of herpesviruses. Herpesviruses contain viral
genes that are predicted to encode protein kinases (4, 44).
Among them, a subset exemplified by UL13 of herpes simplex
virus type 1 (HSV-1) is conserved in all of the Herpesviridae (4,
44). Conceivably herpesviruses universally utilize their prod-
ucts both to regulate their own replicative processes and to
modify cellular machinery through the phosphorylation of tar-
get viral and cellular proteins.

HSV-1 UL13, a subject of this study, is a serine/threonine
protein kinase that is packaged into the virion (6, 34). Studies
with UL13 mutants showed that the viral protein kinase affects
the accumulation of an � protein, ICP0, and a subset of �2

proteins, including UL26, UL26.5, UL38, UL41, and Us11
(37), suggesting that UL13 plays a role in viral gene expression
in infected cells. Several lines of evidence listed below indicate
that the function of UL13 is closely linked to that of the other
viral regulatory proteins ICP22 and Us1.5, both of which are
encoded by the �22 gene. First, ICP22 and Us1.5 are hypo-
phosphorylated in cells infected with UL13 mutant viruses,
suggesting that the UL13 protein kinase phosphorylates these
viral regulatory proteins (38). Second, the phenotype of UL13
deletion mutants cannot be differentiated from that of ICP22
and Us1.5 deletion mutant viruses with respect to the accumu-
lation of ICP0 and the subset of �2 proteins (37). Third, both
UL13 and ICP22 and Us1.5 are involved in the HSV-1-induced
activation and modification of cellular enzymes, including the
protein kinase cdc2 (1) and the large subunit of RNA poly-
merase II (22). Although this series of observations suggests
that UL13 expresses its regulatory function by phosphorylating
ICP22 and Us1.5, the direct linkage between phosphorylation
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of ICP22 and Us1.5 by UL13 and the proposed regulatory
functions of these proteins described above remains to be
determined.

Other than ICP22 and Us1.5, the phosphorylation and post-
translational processing of several viral proteins, including
VP22, VP13 and -14, ICP0, and gE-gI complex, are affected in
cells infected with UL13 mutant viruses (5, 6, 30, 33, 40),
suggesting that these viral proteins are substrates of UL13
protein kinase. The phosphorylation of tegument proteins such
as VP22 and VP13 and -14 by UL13 is implied to promote
tegument disassembly in the early events of HSV-1 infection,
which occur between the viral penetration of cells and the
onset of viral protein synthesis (5, 28). Taken together, UL13
seems to play an important role in various stages of the HSV-1
life cycle by phosphorylating target proteins. In contrast to the
wealth of knowledge regarding viral targets of UL13, little is
known about cellular targets of UL13. The only cellular target
of UL13 identified to date is cellular elongation factor 1�
(EF-1�) (16), another subject of this study.

The relevant background regarding interaction between
EF-1� and UL13 includes the following: (i) EF-1� is a subunit
of EF-1, a complex of proteins that mediate the elongation of
polypeptide chains during translation of mRNA (25, 27, 39,
45). EF-1� transports aminoacyl-tRNA for binding to ribo-
somes concurrent with hydrolysis of GTP, whereas EF-1� is a
component of the EF-1��� complex responsible for GDP-
GTP exchange on EF-1� (25, 27, 39, 45). EF-1�, therefore,
plays a key role in protein synthesis by regulating the activity of
EF-1�. EF-1� is phosphorylated by several cellular protein
kinases, including cdc2, casein kinase II (CKII), protein kinase
C, and multipotential S6 kinase (3, 29, 35, 46). Studies on the
phosphorylation of EF-1� suggest that these modifications of
the protein alter translational efficiency (3, 26, 46, 47).

(ii) The roots of this investigation rest on the observation
that ICP0, a promiscuous transactivator, interacts with EF-1�
and that the carboxyl-terminal domain of ICP0 that binds to
EF-1� affects translational efficiency in vitro (12). In the course
of studying the interaction between ICP0 and EF-1�, we also
found that HSV-1 infection induces extensive hyperphospho-
rylation of EF-1� and that the viral protein kinase UL13 me-
diates the modification of EF-1� (16). Since the amino acid
sequence of UL13 protein kinase is conserved in all members
of the Herpesviridae subfamilies (4, 44), it was predicted that
the EF-1� modification in infected cells is a conserved function
that is expressed by all subfamilies of herpesviruses and that
the conserved viral protein kinases universally mediate modi-
fication. This hypothesis is supported by the two lines of evi-
dence listed below. First, representative alpha-, beta-, and
gammaherpesviruses commonly induce EF-1� modification in
cells from various mammalian species (13). Second, human
cytomegalovirus UL97 and Epstein-Barr virus (EBV) BGLF4,
beta- and gammaherpesvirus homologues of UL13, mediate
the hyperphosphorylation of EF-1� (11, 13).

Based on the universality described above, it is conceivable
that EF-1� plays important and conserved roles in herpesvirus
infection. However, the physiological function of the hyper-
phosphorylation of EF-1� by the conserved herpesvirus protein
kinases remains to be elucidated. As a first step toward clari-
fying this issue, we attempted to identify the site on EF-1�
responsible for the hyperphosphorylation of the protein medi-

ated by HSV-1 UL13. In the present study, we report that (i)
a serine residue at position 133 of EF-1� (Ser-133) is respon-
sible for posttranslational processing of the protein both in
mock-infected cells and in cells infected with HSV-1, (ii)
HSV-1 UL13, EBV BGLF4, and the cellular protein kinase
cdc2 phosphorylate Ser-133 in vitro, and (iii) UL13 phosphor-
ylates in vitro a serine residue at position 209 of the CKII �
subunit (CKII�), which has been reported to be targeted by
cdc2 for phosphorylation (21). These results indicated that the
conserved protein kinases of herpesviruses and cdc2 have the
ability to phosphorylate the same amino acid residues of target
proteins.

MATERIALS AND METHODS

Cells and viruses. The monkey kidney epithelial cell line COS-7 was main-
tained in Dulbecco’s modified Eagle’s medium supplemented with 5% fetal calf
serum. Spodoptera frugiperda Sf9 cells were maintained in Sf-900 II (Invitrogen)
supplemented with 10% fetal calf serum. A wild-type strain, HSV-1(F), and a
UL13-negative recombinant virus, R7356, were kindly provided by B. Roizman.
The properties of these viruses were described previously (9, 37).

Plasmids. To construct pGEM-EF-1�, the entire coding sequence of EF-1�
was amplified by PCR from pBH1003 (12) and inserted into pGEM3Z (Pro-
mega). To generate pGEM-EF-1�(F), the oligonucleotide 5�-GCCCCGGGGA
CTACAAGGACGACGATGACAAGCCCGGGGC-3�, annealed with its com-
plement, was digested with AvaI and inserted into the AvaI site of pGEM-EF-1�.
Then the EcoRI-XbaI fragment of pGEM-EF-1�(F) was inserted into EcoRI and
XbaI sites of pME18S to yield pME-EF-1�(F). pME18S was kindly provided by
K. Maruyama. Deletion mutants of pME-EF-1�(F) were constructed by cloning
into pME18S the DNA fragments amplified by PCR with appropriate primer
pairs. pGEM-EF-1�S133A(F) or pGEM-EF-1�S133E(F) in which Ser-133 of
EF-1� was replaced with an alanine or glutamic acid codon, respectively, was
generated using a QuikChange Site-Directed Mutagenesis kit with complemen-
tary oligonucleotides containing the specific nucleotide substitution according to
the manufacturer’s instructions (Stratagene). The EcoRI-XbaI fragment of
pGEM-EF-1�S133A(F) or pGEM-EF-1�S133E(F) was inserted into the EcoRI
and XbaI sites of pME18S to yield pME-EF-1�S133A(F) or pME-EF-
1�S133E(F), respectively. pME-EF-1�S118/119A(F) in which serine codons at
positions 118 and 119 of EF-1� were replaced with alanine codons was con-
structed in the same way as pME-EF-1�S133A(F) or pME-EF-1�S133E(F).
pBS-UL13(F) was constructed by cloning the entire coding sequence of HSV-1
UL13 amplified by PCR into pBS-Flag-Stop (14) in frame with the Flag epitope.
The EcoRI-NotI fragment of pBS-UL13(F) was inserted into the EcoRI and NotI
sites of pAcGHLT-A (Pharmingen) in frame with glutathione S-transferase
(GST) to yield pAcGHLT-UL13. pAcGHLT-UL13K176 M in which the lysine
codon at position 176 (Lys-176) was replaced with a methionine codon was
generated using the QuikChange Site-Directed Mutagenesis kit (Stratagene) as
described above. To construct pMAL-EF-1� or pMAL-EF-1�S133A, DNA frag-
ments encoding EF-1� codons 107 to 146 amplified by PCR from pGEM-EF-
1�(F) or pGEM-EF-1�S133A(F), respectively, was cloned into pMAL-c (New
England BioLabs) in frame with maltose binding protein (MBP). pMAL-CKII�
was constructed by cloning DNA fragments encoding the entire coding sequence
of CKII� amplified from an EBV-transformed human peripheral blood lympho-
cyte cDNA library (Clontech) by PCR into pMAL-c in frame with MBP. pMAL-
CKII�S209A, in which the serine codon at position 209 (Ser-209) of CKII� was
replaced with the alanine codon, was constructed using the QuikChange Site-
Directed Mutagenesis kit (Stratagene) as described above.

Generation of recombinant baculoviruses. Recombinant baculoviruses Bac-
GST, Bac-GST-BGLF4, and Bac-GST-BGLF4K102I were described elsewhere
(11; K. Kato et al., submitted for publication). To generate Bac-GST-UL13 or
Bac-GST-UL13K176M, pAcGHL-UL13 or pAcGHL-UL13K176M was cotrans-
fected with linearized baculovirus DNA BaculoGold (Pharmingen) into Sf9 cells
using Lipofectin (Invitrogen) as described previously (17). The recombinant
baculoviruses were propagated in Sf9 cells.

Purification of GST fusion protein from baculovirus-infected cells. Sf9 cells
(107) infected with each baculovirus (either Bac-GST-UL13, Bac-GST-
UL13K176 M, Bac-GST-BGLF4, or Bac-GST-BGLF4K102I) in 2 ml of ice-cold
buffer C (50 mM Tris-HCl [pH 7.5], 100 mM NaCl, 5 mM MgCl2, 0.1% Nonidet
P-40, 10% glycerol, and 1 mM phenylmethylsulfonyl fluoride) were lysed by
sonication. After the insoluble materials were removed by centrifugation, the
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supernatants were reacted with 120 �l of a 50% slurry of glutathione-Sepharose
beads (Amersham Pharmacia) for 2 h to overnight. The beads were extensively
washed with buffer C, washed once with kinase buffer for UL13 (50 mM Tris-HCl
[pH 8.0], 50 mM NaCl, 15 mM MgCl2, 0.1% Nonidet P-40, and 1 mM dithio-
threitol) or for BGLF4 (50 mM Tris-HCl [pH 8.0], 200 mM NaCl, 50 mM MgCl2,
0.1% Nonidet P-40, and 1 mM dithiothreitol), and were eluted in each kinase
buffer containing 10 mM glutathione. The eluted proteins (GST-UL13, GST-
UL13K176M, GST-BGLF4, and GST-BGLF4K102I) were used for further ex-
periments.

Production and purification of MBP fusion proteins expressed in Escherichia
coli. MBP fusion proteins were expressed in E. coli XL-1 blue transformed
with either pMAL-EF-1�, pMAL-EF-1�S133A, pMAL-CKII�, or pMAL-
CKII�S209A and were purified on amylose resin (New England BioLabs) ac-
cording to the same procedure used for the purification of GST fusion proteins
expressed in E. coli (12), except that phosphate-buffered saline containing 1%
Tween 20 was used instead of phosphate-buffered saline containing 1% Triton
X-100.

In vitro kinase assays. Purified MBP fusion proteins captured on amylose
beads were rinsed twice with washing buffer (50 mM Tris-HCl [pH 8.0] and 1 mM
dithiothreitol) and were subjected to in vitro kinase assays. The assays were
performed to determine whether certain MBP fusion proteins could serve as
substrates for GST-UL13, GST-BGLF4, or cdc2. cdc2 was purchased from New
England BioLabs. Kinase buffer for UL13, BGLF4, or cdc2 (50 �l) containing 10
�M ATP, 10 �Ci of [�-32P]ATP, and purified GST fusion protein or cdc2 was
added to the beads (15 �l) that had captured MBP fusion proteins, and samples
were reacted for 30 min at 30°C. After incubation, the samples were extensively
washed with TNE buffer (20 mM Tris-HCl [pH 8.0], 100 mM NaCl, and 1 mM
EDTA) and subjected to electrophoresis on denaturing gels or phosphatase
treatment. The gels were then stained with Coomassie brilliant blue (CBB) and
exposed to X-ray film.

Roscovitine (Calbiochem) was used in certain in vitro kinase assays as follows.
Kinase buffer for UL13 or cdc2 (50 �l) containing 10 �M ATP, 10 �Ci of
[�-32P]ATP, purified GST fusion protein or cdc2, and 0, 6.5, or 26 �M roscovi-
tine was added to the amylose beads (15 �l) that had captured MBP fusion
proteins. Then the samples were processed as described above.

Phosphatase treatment. After the in vitro kinase assays, the MBP fusion
proteins captured on the beads were washed three times with TNE buffer and
twice with buffer 2 (New England BioLabs). Then buffer 2 (50 �l) containing 50
U of alkaline phosphatase (New England BioLabs) was added to the beads, and
the samples were incubated for 30 min at 37°C, after which they were processed
as described above.

Transfection, infection, and immunoblotting. COS-7 cells were transfected
with appropriate expression plasmids according to the DEAE-dextran method
(15). At 24 h posttransfection, transfected COS-7 cells were mock infected or
infected with 10 PFU of HSV-1(F) or R7356 per cell. At 24 h after infection,
COS-7 cells were harvested and subjected to immunoblotting with a rabbit
polyclonal antibody to EF-1� (12) or a mouse monoclonal antibody to Flag
epitope (M2; Sigma) as described previously (17). The rabbit polyclonal antibody
to UL13 used to detect GST-UL13 or GST-UL13K176 M was described else-
where (7).

RESULTS

Mapping of the site of EF-1� associated with the posttrans-
lational modification of the protein in mock-infected or in-
fected cells. The objectives of the series of experiments in this
section were to map the site on EF-1� involved in the hyper-
phosphorylation of the protein mediated by HSV-1 UL13 in
infected cells. As reported before, EF-1� consists of two pre-
dominant forms, a hypophosphorylated form and a hyperphos-
phorylated form (12, 16, 29, 42). In denaturing gels, EF-1� is
detected as a fast-migrating form (apparent Mr of 38,000) and
a slowly migrating form (apparent Mr of 40,000), both of which
can be radiolabeled with 32Pi (16). The pattern of bands of
EF-1� radiolabeled by 32Pi in mock-infected or infected cells is
exactly the same as that of EF-1� detected by immunoblotting
(16), indicating that the phosphorylation status of the protein
can be monitored by immunoblotting.

In the first series of experiments, we constructed an expres-

sion plasmid, pME-EF-1�(F), in which EF-1� is tagged with
Flag epitope (Fig. 1A) and tested whether the transiently ex-
pressed recombinant EF-1� (EF-1�[F]) behaves like endoge-
nous EF-1� in COS-7 cells mock infected or infected with
HSV-1(F). EF-1� was tagged with Flag epitope to differentiate
the mutants of EF-1�(F) used in the mapping procedures from
endogenous EF-1�. COS-7 cells transfected with pME-EF-
1�(F) were mock infected or infected with 10 PFU of wild-type
HSV-1(F) or UL13 deletion virus R7356 per cell, harvested at
24 h after infection, solubilized, electrophoretically separated
on denaturing gels, and transferred to nitrocellulose sheets and
reacted with the rabbit polyclonal antibody to EF-1� or the
monoclonal antibody to Flag epitope (M2). As shown in Fig.
1B (right panel), transiently expressed EF-1�(F) harvested
from COS-7 cells forms two predominant bands in the dena-
turing gel. In mock-infected cells, the fast-migrating band that
corresponds to the hypophosphorylated form of EF-1� was
dominant (lane 4), whereas the relative amounts of protein in
the slowly migrating band that corresponds to the hyperphos-
phorylated form of EF-1� significantly increased after infection
with wild-type HSV-1(F) (lane 5). Since UL13 mediates the
hyperphosphorylation of EF-1�, the electrophoretic pattern of
EF-1� in mock-infected cells cannot be differentiated from that
in cells infected with UL13 deletion mutant virus R7356 (lane
6). These results were almost identical to what has been ob-

FIG. 1. (A) Schematic diagram of the sequence of EF-1�. The
domain containing the leucine zipper motif or responsible for GTP/
GDP exchange is shaded. The position for insertion of the Flag epitope
is also shown. (B) Immunoblot of electrophoretically separated cell
lysates from COS-7 cells mock infected or infected with 10 PFU of the
indicated virus per cell. (Left panel) The infected COS-7 cells were
harvested at 24 h after infection and subjected to immunoblotting with
a rabbit antiserum raised against GST-EF-1�. (Right panel) COS-7
cells were transfected with pME-EF-1�(F). At 24 h after transfection,
COS-7 cells were mock infected or infected with the virus indicated,
incubated for an additional 24 h, and then harvested and subjected to
immunoblotting with the mouse monoclonal antibody to the Flag
epitope. Molecular weights (in thousands) are shown on the left.
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served with endogenous EF-1� (left panel), indicating that the
behavior of the two isoforms of the recombinant EF-1�(F) in
mock-infected or infected cells was similar to that of endoge-
nous EF-1� and that EF-1� (F) can be useful for the mapping
procedures described below.

In the second series of experiments, we constructed a series
of 3� sequential deletion mutants and an internal deletion
mutant of EF-1�(F) (Fig. 2A) and tested whether the relative
amount of the hyperphosphorylated form of these mutants
increased after HSV-1 infection. The results were that the
relative amount of hyperphosphorylated form of all 3� deletion
mutants of EF-1�(F) increased after HSV-1 infection (Fig. 2A,
data not shown). In contrast, an internal deletion mutant of
EF-1�, EF-1�:�111-142(F), seemed not to be processed post-
translationally in mock-infected or infected cells, forming only
a single band in the denaturing gel (Fig. 2C, lanes 7 and 8).
These results suggest that the site of EF-1� associated with

hyperphosphorylation in both mock-infected and infected cells
was located between codons 111 and 142 of the protein.

In the third series of experiments, we mutagenized pME-
EF-1�(F) by replacing with alanines the serine codons at po-
sitions 118 and 119 (Ser-118/119) or the single serine codon at
position 133 (Ser-133) (Fig. 2B) and tested whether the mu-
tants carrying amino acid substitutions are posttranslationally
processed in mock-infected or infected cells. As shown in Fig.
2C, the expression profile of the two isoforms of mutant EF-
1�:S118/119A(F) cannot be differentiated from that of wild-
type EF-1�(F) in either mock-infected or infected cells (lanes
1, 2, 5, and 6), whereas another mutant, EF-1�:S133A(F), was
not posttranslationally processed in mock-infected or infected
cells (lanes 3 and 4). These results indicated that Ser-133 is the
site involved in the hyperphosphorylation of EF-1� by the
cellular protein kinase(s) in uninfected cells and by the viral
protein kinase UL13 in infected cells. Interestingly the se-
quence flanking the identified site (SPMR) completely
matches the consensus phosphorylation site for the cellular
protein kinase cdc2 (SPX[R/K/H]) (23), and furthermore, it
has been reported that the hyperphosphorylation of EF-1� is
mediated by cdc2 (29). These features led us to hypothesize
that cdc2 and UL13 phosphorylate the same site, Ser-133, in
EF-1�.

Generation and purification of recombinant GST-UL13 and
its kinase-negative mutant GST-UL13K176 M. To test the
hypothesis described above, a system to demonstrate the spe-
cific protein kinase activity of UL13 in vitro had to be devel-
oped. Because attempts to express the UL13 protein in a
variety of prokaryotic cells or in insect cells were unsuccessful
(31), all in vitro data concerning UL13 to date have been
obtained with purified UL13 from infected cell lysate by im-
munoprecipitations using rabbit polyclonal antibody to UL13
(16, 30, 33). However, under these conditions, the possibility
existed that the protein kinase activity detected in such exper-
iments is responsible for contaminating the kinase(s), which
could be physically associated with UL13 or fortuitously pulled
down by the antibody. To overcome these problems, we con-
structed a recombinant baculovirus (Bac-GST-UL13) express-
ing UL13 fused to GST and purified GST-UL13 from Sf9 cells
infected with Bac-GST-UL13 by using glutathione-Sepharose
beads as described in Materials and Methods. To eliminate the
possibility that the protein kinase activity detected in experi-
ments using GST-UL13 is responsible for contaminating the
kinase(s) during the purification procedures, we attempted to
generate a mutant that has no intrinsic protein kinase activity
but has probably retained its overall structure. To this end, we
constructed a recombinant baculovirus (Bac-UL13K176M) ex-
pressing a mutant UL13 fused to GST (GST-UL13K176M) in
which the Lys-176 of UL13 was replaced with methionine by
site-directed mutagenesis. We chose Lys-176 for mutagenesis
because it corresponds to an invariant lysine in known protein
kinases (10) and because mutations of the corresponding lysine
in UL13 homologues of other herpesviruses were shown to
result in a loss or reduction of kinase activity (8, 18). The
purified GST-UL13 and GST-UL13K176M were then electro-
phoretically separated in a denaturing gel and either silver
stained or immunoblotted with rabbit antiserum against UL13.
As shown in Fig. 3B, the purified GST-UL13 or GST-
UL13K176M contained one major purified band with an Mr of

FIG. 2. Mapping of the site of EF-1� associated with posttransla-
tional processing. (A) Schematic diagram of the sequence of EF-1�.
Deletion mutants of EF-1�(F) are shown below. The levels of post-
translational processing induced by HSV-1 infection are also indicated.
(B) Amino acid sequence of EF-1� between codons 111 and 142.
Alanine substitution mutants of EF-1�(F) are shown below. The levels
of posttranslational processing induced by HSV-1 infection are also
indicated. (C) Immunoblot of electrophoretically separated cell lysates
from COS-7 cells reacted with the monoclonal antibody to the Flag
epitope. COS-7 cells were transfected with either pME-EF-1�(F),
pME-EF-1�S133A(F), pME-EF-1�S118/119A(F), or pME-EF-
1��111-142(F). At 24 h after transfection, COS-7 cells were mock
infected or infected with wild-type HSV-1(F), incubated for an addi-
tional 24 h, and then harvested and subjected to immunoblotting.
Molecular weights (in thousands) are shown on the left.
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approximately 90,000 as detected by silver staining (Fig. 3B,
left panel) and these proteins were reacted with antiserum
against UL13 (Fig. 3B, right panel). The purified GST-UL13
and GST-UL13K176M were also subjected to in vitro kinase
assays to examine their enzymatic activity, and it was shown
that the wild-type GST-UL13 was labeled with [�-32P]ATP by
autophosphorylation, while the mutant was not (data not
shown). These results indicated that the enzymatically active
GST-UL13 and its kinase-negative mutant GST-UL13K176M
with a single amino acid substitution were successfully purified
and that the Lys-176 in UL13 is required for kinase activity.

UL13 and cdc2 phosphorylate Ser-133 of EF-1� in vitro. To
test whether cdc2 and UL13 target Ser-133 in EF-1� for phos-
phorylation, we generated and purified chimeric proteins con-
sisting of MBP fused to an EF-1� domain of amino acids 107
to 146 (MBP-EFWt) or to a mutated domain of EF-1� in which
Ser-133 was replaced with alanine (MBP-EFS133A) as de-
scribed in Materials and Methods (Fig. 4A). These MBP fusion
proteins captured on amylose resin served as substrates in in
vitro kinase assays in the presence of the purified wild-type
GST-UL13, the kinase-negative mutant GST-UL13K176 M, or
cdc2.

The results were as follows: (i) In the autoradiographic im-
age of the wild-type MBP-EFWt protein, which was incubated
in kinase buffer containing GST-UL13 and [�-32P]ATP, a pro-
tein band with an apparent Mr of 47,000 was clearly labeled
(Fig. 4C, lane 4). By contrast, the level of labeling was greatly
impaired when the mutant MBP-EFS133A protein was reacted

with GST-UL13 (Fig. 4C, lane 5) and the MBP-EFWt protein
was not labeled in the presence of the kinase-negative mutant
GST-UL13K176 M (Fig. 4C, lane 6). The expression of each
MBP fusion protein and the identity of the radiolabeled band
of MBP-EFWt were verified by CBB staining as shown in Fig.
4B.

(ii) To examine whether the labeling of the MBP-EFWt
protein in the presence of GST-UL13 was due to phosphory-
lation, the labeled MBP-EFWt was washed with TNE buffer to
eliminate GST-UL13 and was then incubated with alkaline
phosphatase. As shown in Fig. 4E, the labeling of MBP-EFWt
by the reaction with UL13 was eliminated by phosphatase
treatment, indicating that MBP-EFWt was labeled by phos-
phorylation. The expression of each MBP fusion protein and

FIG. 3. (A) Schematic diagram of the transfer plasmids
pAcGHLT-UL13 and pAcGHLT-UL13K176M, used for construction
of the recombinant baculoviruses Bac-GST-UL13 and Bac-GST-
UL13K176M, respectively. (B) A silver-stained gel (left panel) and an
immunoblot (right panel) of purified GST-UL13 (lane 2) or GST-
UL13K176M (lane 5) from Sf9 cells infected with the recombinant
virus Bac-GST-UL13 or Bac-GST-UL13K176M. Total cell extracts
(lane 1 or 4) were subjected to affinity chromatography on glutathione-
Sepharose and eluted (lane 2 or 5) as described in Materials and
Methods. The proteins and total cell lysate from Sf9 cells infected with
Bac-GST (lane 3) were separated on denaturing gels and subjected to
silver staining (left panel) or transferred onto a nitrocellulose sheet
and reacted with rabbit antiserum raised against UL13 (right panel).
Molecular weights (in thousands) are shown on the left.

FIG. 4. Photographic and autoradiographic images of purified
MBP fusion proteins subjected to in vitro kinase assay with the purified
GST-UL13 or GST-UL13K176M. (A) Schematic representation of
MBP fusion protein containing a domain of wild-type EF-1� between
codons 107 and 146 (MBP-EFWt) or a mutant of the domain with a
replacement of Ser-133 by alanine (MBP-EFS133A). (B) The purified
MBP-EFWt (lanes 1 and 3) or MBP-EFS133A (lane 2) was incubated
in kinase buffer containing [�-32P]ATP and the purified GST-UL13
(lanes 1 and 2) or GST-UL13K176M (lane 3), separated on a dena-
turing gel, and stained with CBB. (C) Autoradiograph of the gel
described for panel B. (D) The purified MBP-EFWt incubated in
kinase buffer containing [�-32P]ATP and the purified GST-UL13, was
mock treated (lane 1) or treated with alkaline phosphatase (CIP) (lane
2), separated on a denaturing gel, and stained with CBB. (E) Autora-
diograph of the gel described for panel D.
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the identity of the radiolabeled band of MBP-EFWt were
verified by CBB staining as shown in Fig. 4D.

(iii) The MBP-EFWt protein was labeled in the presence of
purified cdc2 (Fig. 5B, lane 3), while the level of labeling was
greatly reduced when MBP-EFS133A was reacted with the
purified cdc2 (Fig. 5B, lane 4). The labeling of MBP-EFWt by
the reaction with cdc2 was due to phosphorylation, based on
the observation that the labeling was eliminated by phospha-
tase treatment (Fig. 5C and D).

(iv) To further eliminate the possibility that the protein
kinase activity detected using purified GST-UL13 is responsi-
ble for contaminating insect cdc2 during the purification pro-
cedure of GST-UL13, purified GST-UL13 or cdc2 was treated
with roscovitine, a specific inhibitor of cdk2, cdc2, and cdk5
(24), followed by addition of the substrate (MBP-EFWt). The
purified GST-UL13 or cdc2 was exposed to final concentration
of roscovitine of 0, 5, or 20 �M (Fig. 6). The results shown in
Fig. 6 indicated that the addition of roscovitine to the in vitro
kinase reactions resulted in a dramatic decrease in activity of
cdc2 in a dose-dependent manner (Fig. 6C and D) as reported
previously (2, 24), while it had little effect on the activity of
GST-UL13 (Fig. 6A and B).

These series of results indicated that UL13 and cdc2 specif-
ically phosphorylate the same site, Ser-133, of EF-1� in vitro.

EBV BGLF4 phosphorylates Ser-133 of EF-1� in vitro. Pre-
viously we demonstrated that UL13 homologues of beta- and
gammaherpesviruses also mediate the hyperphosphorylation
of EF-1� (11, 13). Taken together with the observations de-
scribed above, it was hypothesized that the conserved viral
protein kinases universally target Ser-133 of EF-1� for phos-
phorylation like HSV-1 UL13. To test this hypothesis, we per-
formed in vitro kinase assays using purified recombinant
BGLF4, which is an EBV counterpart of UL13. The recombi-
nant BGLF4, GST-BGLF4, and its kinase-negative mutant,
GST-BGLF4K102I, were expressed by a baculovirus system
and purified from infected Sf9 cells as described elsewhere (11;
K. Kato et al., submitted). As shown in Fig. 7C, MBP-EFWt
was labeled by the reaction with the purified GST-BGLF4
(lane 4) but not by the kinase-negative mutant GST-
BGLF4K102I (lane 5). The level of labeling was greatly
reduced when MBP-EFS133A protein was reacted with GST-
BGLF4 (Fig. 7C, lane 6). Furthermore, the labeling of MBP-
EFWt by the reaction with GST-BGLF4 was eliminated by
phosphatase treatment (Fig. 7E). The expression of each MBP
protein and the identity of the radiolabeled band were verified
by CBB staining as shown in Fig. 7B and D. These results
indicated that EBV BGLF4 specifically phosphorylates Ser-
133 of EF-1� in vitro.

UL13 phosphorylates Ser-209 of CKII�, which is targeted
by cdc2 for phosphorylation. The observation that UL13 ho-
mologues and cdc2 target the same phosphorylation site of

FIG. 5. Photographic and autoradiographic images of purified
MBP fusion proteins subjected to in vitro kinase assay with the purified
cdc2. (A) The purified MBP-EFWt (lane 1) or MBP-EFS133A (lane 2)
was incubated in kinase buffer containing [�-32P]ATP and the purified
cdc2, separated on a denaturing gel, and stained with CBB. (B) Au-
toradiograph of the gel described for panel A. (C) The purified MBP-
EFWt incubated in kinase buffer containing [�-32P]ATP and the puri-
fied cdc2 was mock treated (lane 1) or treated with alkaline
phosphatase (CIP) (lane 2), separated on a denaturing gel, and stained
with CBB. (D) Autoradiograph of the gel described for panel C.

FIG. 6. Photographic and autographic images of the purified MBP
fusion protein (MBP-EFWt) subjected to in vitro kinase assay with the
purified GST-UL13 or cdc2 in the presence of various concentrations
of roscovitine. (A) The purified MBP-EFWt was incubated in kinase
buffer containing [�-32P]ATP, the purified GST-UL13, and indicated
concentration of roscovitine; separated on a denaturing gel; and
stained with CBB. (B) Autoradiograph of the gel described for panel
A. (C and D) Experiments were done exactly as described for panels A
and B, respectively, except that the purified cdc2 was used instead of
the purified GST-UL13.
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EF-1� raised the possibility that UL13 homologues phosphor-
ylate the same sites on other proteins targeted by cdc2. To test
this hypothesis, we generated and purified chimeric protein
consisting of MBP fused to the entire coding sequence of
CKII�, which has been reported to be phosphorylated by cdc2
on a single serine residue at position 209 (Ser-209), or to a
mutant of CKII� in which Ser-209 was replaced by alanine
(Fig. 8A). These MBP fusion proteins (MBP-CKII� and MBP-
CKII�:S209A) captured on amylose resin served as substrates
in in vitro kinase assays using the purified GST-UL13, GST-
UL13K176M, or cdc2.

The results are as follows: (i) Consistent with previous re-
ports (21), MBP-CKII� was phosphorylated by cdc2 (Fig. 8G,

lane 3), while MBP-CKII�:S209A was not (Fig. 8G, lane 4),
indicating that cdc2 specifically phosphorylates Ser-209 of
CKII�. The expression of each MBP protein and the identity
of the radiolabeled band were verified by CBB staining as
shown in Fig. 8F.

FIG. 7. Photographic and autographic images of purified MBP fu-
sion proteins subjected to in vitro kinase assay with the purified GST-
BGLF4 or GST-BGLF4K102I. (A) Schematic diagram of the transfer
plasmids pAcGHLT-BGLF4 and pAcGHLT-BGLF4K102I, used for
construction of the recombinant baculoviruses Bac-GST-BGLF4 and
Bac-GST-BGLF4K102I, respectively. (B) The purified MBP-EFWt
(lanes 1 and 2) or MBP-EFS133A (lane 3) was incubated in kinase
buffer containing [�-32P]ATP and the purified GST-BGLF4 (lanes 1
and 3) or GST-BGLF4K102I (lane 2), separated on a denaturing gel,
and stained with CBB. (C) Autoradiograph of the gel described for
panel B. (D) The purified MBP-EFWt incubated in kinase buffer
containing [�-32P]ATP and the purified GST-BGLF4 was mock
treated (lane 1) or treated with alkaline phosphatase (CIP) (lane 2),
separated on a denaturing gel, and stained with CBB. (E) Autoradio-
graph of the gel described for panel D.

FIG. 8. (A) Schematic representation of MBP fusion protein con-
taining a full-length wild-type CKII� (MBP-CKII�) or a mutant with
a replacement of Ser-209 by alanine (MBP-CKII�:S209A). (B) The
purified MBP-CKII� (lanes 1 and 3) or MBP-CKII�:S209A (lane 2)
was incubated in kinase buffer containing [�-32P]ATP and the purified
GST-UL13 (lanes 1 and 2) or GST-UL13K176M (lane 3), separated
on a denaturing gel, and stained with CBB. (C) Autoradiograph of the
gel described for panel B. (D) The purified MBP-CKII� incubated in
kinase buffer containing [�-32P]ATP and the purified GST-UL13 was
mock treated (lane 1) or treated with alkaline phosphatase (CIP) (lane
2), separated on a denaturing gel, and stained with CBB. (E) Autora-
diograph of the gel described for panel D. (F) The purified MBP-
CKII� (lane 1) or MBP-CKII�:S209A (lane 2) was incubated in kinase
buffer containing [�-32P]ATP and the purified cdc2, separated on a
denaturing gel, and stained with CBB. (G) Autoradiograph of the gel
described for panel F.
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(ii) In the reaction with purified GST-UL13, MBP-CKII�
was labeled (Fig. 8C, lane 4), whereas it was not labeled by the
kinase-negative mutant GST-UL13L176M (Fig. 8C, lane 6).
The level of labeling was greatly reduced when MBP-CKII�:
S209A was reacted with GST-UL13 (Fig. 8C, lane 5). Further-
more, the labeling of MBP-EFWt via the reaction with GST-
BGLF4 was eliminated by phosphatase treatment (Fig. 8E).
The expression of each MBP protein and the identity of the
radiolabeled band were verified by CBB staining as shown in
Fig. 8B and D.

Taken together, these results indicated that UL13 and cdc2
target the same serine residue of CKII� for phosphorylation as
observed with EF-1�.

DISCUSSION

Analyses of the function of HSV-1 UL13 have been ham-
pered by difficulty in demonstrating specific protein kinase
activity directly in vitro. The expression and purification of the
enzymatically active recombinant UL13 using a variety of pro-
karyotic cells or in insect cells, which would greatly improve the
in vitro assay of the activity of UL13, have been unsuccessful
(31). Here we succeeded in developing a system to express
large amounts of recombinant UL13 (GST-UL13) in insect
cells using a recombinant baculovirus and to obtain highly
purified UL13 with enzymatic activity. We also generated a
kinase-negative mutant of UL13 (GST-UL13K176M) as a con-
trol to eliminate the possibility that the kinase activity detected
using the purified recombinant UL13 is responsible for con-
taminating the kinase(s) during the purification. The use of
purified recombinant UL13 and its mutant in in vitro kinase
assays enabled us to examine the specific activity of UL13 and
led to the key finding that the conserved protein kinases ex-
emplified by HSV-1 UL13 and the cellular protein kinase cdc2
phosphorylate the same serine residues of target cellular pro-
teins, including EF-1� and CKII�.

The salient features of our results can be summarized as
follows: (i) HSV-1 UL13 and cdc2 target the same serine
residue (Ser-133) of EF-1� for phosphorylation. In vitro kinase
assays using the purified UL13 and cdc2 revealed that both
protein kinases have the ability to phosphorylate Ser-133 of
EF-1� in vitro. Based on the following observations, it seems
highly likely that Ser-133 of EF-1� is in fact phosphorylated by
UL13 and cdc2 in vivo. First, the protein kinase responsible for
the hyperphosphorylation of EF-1� in uninfected and infected
cells has been reported to be cdc2 and UL13, respectively (16,
29). Here we observed that an amino acid substitution of Ser-
133 of EF-1� with alanine abolished the hyperphosphorylation
of EF-1� not only in cells infected with HSV-1 but also in
uninfected cells. Second, a mutant of EF-1� carrying a glu-
tamic acid substitution for Ser-133, which is known to mimic
constitutive phosphorylation (20, 49), appeared to form a con-
formation similar to the hyperphosphorylated form of EF-1�,
based on the observation that the electrophoretic mobility of
the mutant is similar to that of the hyperphosphorylated form
of EF-1� in a denaturing gel (data not shown). Third, the
flanking sequence of Ser-133 completely matches the consen-
sus phosphorylation site for cdc2 (23) and it has been reported
that cdc2 mediated the hyperphosphorylation of EF-1� on a
serine residue (29). This series of observations supports our

hypothesis that HSV-1 UL13 and cdc2 phosphorylate the same
serine residue (Ser-133) of EF-1� not only in vitro but also in
vivo.

(ii) One would argue that the defect of phosphorylation of
MBP-EFS133A by UL13 and cdc2 protein kinases results from
steric hindrance of EF-1� caused by the replacement of Ser-
133 by alanine. Here we also demonstrated that UL13 and cdc2
phosphorylate the cdc2 target site (Ser-209) of CKII� by the
same mutational analyses as for EF-1�. These results would
eliminate the slim possibility that the replacement of Ser-133
by alanine by chance causes conformational change of EF-1�
and that the lack of phosphorylation of the mutated substrate
by UL13 and cdc2 was due to steric hindrance of the target
protein caused by the mutation.

(iii) Earlier studies have shown that representative UL13
homologues other than HSV-1 UL13 mediate the hyperphos-
phorylation of EF-1� (11, 13). In this report, we showed that
BGLF4, an EBV UL13 homologue, has the ability to phos-
phorylate Ser-133 of EF-1� like HSV-1 UL13. These observa-
tions, by extension, suggest that the conserved herpesvirus pro-
tein kinases (UL13 homologues) and cdc2 universally target
the same serine residue of EF-1�.

(iv) The observation that UL13 homologues and cdc2 phos-
phorylate the same serine residue of EF-1� raised the inter-
esting possibility that the UL13 homologues mimic cdc2 in
infected cells. If this is the case, UL13 homologues would have
the ability to phosphorylate the same amino acid residues of
other proteins targeted by cdc2. In the present study, we ob-
tained evidence that this is in fact the case. In one instance, we
specifically related the phosphorylation of CKII� to HSV-1
UL13. Thus, in vitro kinase assays revealed that HSV-1 UL13
phosphorylates Ser-209 of CKII�, reported to be the cdc2
phosphorylation site. Furthermore, our preliminary experi-
ments demonstrated that EBV BGLF4 and cdc2 phosphory-
late the same serine residue of an EBV regulatory protein,
EBNA-LP, in vitro (K. Kato and Y. Kawaguchi, unpublished
observation). These results eliminate the slim possibility that
the conserved herpesvirus protein kinases by chance retained
the motifs necessary to bind and phosphorylate the cdc2 target
motif of EF-1�.

Taken together, these results support our conclusion that
the conserved protein kinases encoded by herpesviruses have
the ability to phosphorylate the cdc2 recognition site of target
proteins. Consistently, the potential viral substrates of HSV-1
UL13 reported to date, including ICP0, ICP22, UL47, gI, and
gE, possess the consensus phosphorylation site of cdc2 (2).

The relevant issues can be summarized as follows: (i) cdc2
has been reported to be activated by HSV-1 infection and both
UL13 and ICP22 expression is required for the effect (1).
Advani et al. demonstrated that immunoprecipitates obtained
with a mouse monoclonal antibody to cdc2 from cells infected
with HSV-1 at 12 h postinfection possess much stronger pro-
tein kinase activity to phosphorylate histon H1 in vitro than do
those from mock-infected cells. These results suggested that
cdc2 was activated in cells infected with HSV-1. Although
these studies were not able to eliminate completely the possi-
bility that the kinase activity detected in these experiments is
responsible for contaminating the kinase(s) that could be as-
sociated with cdc2 or fortuitously pulled down by the mono-
clonal antibody, their conclusion was supported by other ob-
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servations that HSV-1 induces modification of cdc2 regulators,
including wee-1 and cdc-25C, which is predicted to activate
cdc2 (1). Consistent with this, Schang et al. reported that
specific inhibitors known to block the activity of cdk2 and cdc2
reduced viral transcription and viral replication (43). Further-
more, studies with a dominant-negative mutant of cdc2 re-
vealed that the activity of cdc2 regulates the expression of the
�2 protein Us11 (2). This series of observations indicates that
cdc2 plays an important role in the life cycle of HSV-1. Here
we reported a series of findings that raised the possibility that
conserved herpesvirus protein kinases exemplified by UL13
mimic cdc2 in infected cells. One could argue that this is not
necessary in HSV-1-infected cells because the infection acti-
vates cdc2. One explanation would be that UL13 makes up for
the deficit of cdc2. cdc2 is known to target a variety of cellular
proteins (32), and in addition, more than one-third of HSV-1
proteins possess a consensus target site of cdc2 (2). Since, in
productively infected cells, large numbers of viral proteins are
synthesized, it is conceivable that the activity of cdc2 is not
strong enough even though it is stimulated by HSV-1 infection
and though UL13 may cover the shortage. Alternatively, it is
beneficial for the virus to mimic cdc2, independent of the
condition of target host cells, because HSV-1 can infect resting
cells and differentiated neural cells in vivo where the expres-
sion of cdc2 could be limited.

(ii) Other than HSV-1, VZV gI, EBV EBNA-LP, and
HHV8 K-bZIP proteins are phosphorylated by cdc2 (19, 36,
48). Based on the observations made in this study, it is possible
that these viral proteins are also phosphorylated by conserved
protein kinases encoded by the respective herpesviruses.

In conclusion, we have provided the evidence that the con-
served protein kinases encoded by herpesviruses and a cellular
protein kinase, cdc2, have the ability to phosphorylate the
same amino acid residues on target proteins. We should note,
however, that it remains to be elucidated whether these obser-
vations in vitro in fact are valid in vivo. Further study to resolve
this issue is of importance and presently under way in these
laboratories.
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