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We have developed a system to analyze the specific protein kinase activity of herpes simplex virus 1 Us3 in
vitro and shown that Us3 directly phosphorylates viral proteins UL34, ICP22, and Us9 and the cellular protein
Bad, previously reported to be putative substrates. Using this system, we determined the phosphorylation sites
of UL34 and identified UL31 as a previously unreported, novel substrate of Us3. This system will be useful for
further identification of Us3 substrates and their phosphorylation sites, clarification of the role of Us3 in viral
replication, and identification of additional Us3 function(s).

The herpes simplex virus (HSV) Us3 gene encodes a serine/
threonine protein kinase (6, 8, 29). While not essential for viral
growth in cell culture (26, 29), Us3 protein kinases are positive
regulators of viral replication, based on studies showing that
recombinant Us3 mutant viruses have impaired growth prop-
erties in cell cultures and mouse models (26, 32, 33). Accumu-
lating evidence suggests that HSV Us3 has roles in viral rep-
lication by regulating apoptosis and in primary envelopment
during viral egress. It has been reported that HSV Us3 protein
kinase can prevent apoptosis induced by proapoptotic cellular
proteins and by replication-incompetent mutant virus (1, 3, 4,
12, 20, 22, 23, 25, 27) and facilitate the nuclear egress of
progeny nucleocapsids (32, 33).

Us3 may function by phosphorylating specific viral and cel-
lular protein substrates. Identification of these substrates could
clarify the mechanisms by which Us3 regulates apoptosis and
progeny virus egress and elucidate other possible Us3 func-
tion(s). Thus far, UL34, ICP22, Us9, UL12, cytokeratin 17,
Bad, and Bid have been reported to be putative substrates for
Us3, based on several observations. First, the phosphorylation
of viral membrane protein UL34 and the posttranslational
processing of viral regulatory protein ICP22 have been re-
ported to be reduced or obviated in cells infected with Us3
mutant viruses (30, 31, 33). Second, profiles of in vitro phos-
phorylated proteins from lysates of cells infected with a Us3
deletion mutant virus lack two phosphoproteins, which are
probably the viral proteins encoded by the Us9 and UL12
genes (5, 7). Third, the cellular proapoptotic proteins Bad and
Bid and a cellular intermediate filament protein, cytokeratin
17, have been shown to be phosphorylated by Us3 immuno-
precipitates by use of a polyclonal antibody to Us3 (3, 4, 24). It
also has been reported that the posttranslational modification
of Bad was reduced in cells infected with a Us3 deletion mu-
tant (4).

As described above, most data on Us3 substrates are from
studies with Us3 mutant viruses or Us3 immunoprecipitates
with polyclonal antibody. However, it is possible that the pro-
tein kinase activity detected in in vitro kinase assays using Us3
immunoprecipitates is due to a contaminating kinase(s) either
associated with Us3 or coprecipitated by the antibody. Fur-
thermore, in the experiments with Us3 mutant viruses, Us3
may directly phosphorylate the putative substrates, or it may
either activate or induce other protein kinase(s) that phos-
phorylate these substrates. Consistent with the latter possibil-
ity, it has recently been reported that Us3 activates the cyclic
AMP-dependent protein kinase, protein kinase A, whose phos-
phorylation sequence resembles that of Us3, and that both Us3
and protein kinase A phosphorylate the same residues in pro-
tein substrates (2). Therefore, it is not known whether Us3
directly phosphorylates the reported putative substrates. In
this study, we attempted to establish a system to analyze the
specific protein kinase activity of HSV-1 Us3 in vitro and to
identify protein substrates that are phosphorylated directly by
Us3 protein kinase.

Generation and purification of recombinant GST-Us3 and
its kinase-negative mutant GST-Us3K220M. To study the spe-
cific protein kinase activity of HSV-1 Us3, we constructed a
recombinant baculovirus (Bac-GST-Us3) expressing wild-type
Us3 fused to glutathione S-transferase (GST) and purified
GST-Us3 from Sf9 cells infected with Bac-GST-Us3 (Fig. 1A).
To eliminate the possibility that the protein kinase activity
detected in experiments using GST-Us3 is due to a kinase
contaminant copurified by this procedure, we constructed a
Us3 mutant with no intrinsic protein kinase activity but prob-
ably with retention of the overall Us3 structure. To generate
this mutant, we constructed a recombinant baculovirus (Bac-
GST-Us3K220M) expressing a Us3 mutant fused to GST (GS
T-Us3K220M), in which lysine at Us3 residue 220 (Lys-220)
was replaced with methionine by site-directed mutagenesis
(Fig. 1A). Lys-220 was chosen for mutagenesis because there is
an invariant lysine at this position in the known protein kinases
and the mutation of this invariant lysine in eukaryotic protein
kinases has been shown to result in the loss of kinase activity
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(11). Bac-GST-Us3 and Bac-GST-Us3K220M were generated
by cotransfection of pAcGHLT-Us3 and pAcGHLT-Us3K
220M, respectively, with linearized baculovirus DNA bacu-
loGold (Pharmingen) into Sf9 cells using Lipofectin (Invitro-
gen) (16). To construct pAcGHLT-Us3 and pAcGHLT-Us3K
220M, the EcoRI-NotI fragments of pBS-Us3 and pBS-Us3K
220M, respectively, were cloned into the EcoRI and NotI sites
of pAcGHLT-B (Pharmingen) in frame with GST. pBS-Us3
was generated by amplifying the entire Us3 coding sequence
(except the start codon) by PCR from pBC1013 (18) (a gen-
erous gift from B. Roizman, the University of Chicago) and
cloning the DNA fragments into pBluescript II KS� (Strat-
agene). pBS-Us3K220M, in which Us3 Lys-220 was replaced by
methionine, was generated using the QuickChange site-di-
rected mutagenesis kit according to the manufacturer’s instruc-
tions (Stratagene). GST fusion proteins were purified from Sf9
cells infected with the recombinant baculoviruses (16), electro-
phoretically separated in a denaturing gel, and either silver
stained or immunoblotted with rabbit anti-Us3 antiserum (6,
17). The anti-Us3 antiserum was generated by immunization of
rabbits with a purified full length of Us3 fused to a polyhisti-
dine tag (10). As shown in Fig. 1B, purified GST-Us3 and
GST-Us3K220M contained one major band with an Mr of
approximately 90,000 as detected by silver staining (left panel),
and these proteins reacted with anti-Us3 antiserum (right
panel). From Sf9 cells (106) infected with each baculovirus
(either Bac-GST-Us3 or Bac-GST-Us3K220M), approximately
15 �g of GST fusion protein could be purified. To examine the
enzymatic activity of purified GST-Us3 and GST-Us3K220M,
the purified GST fusion proteins were used in in vitro kinase
assays as described previously (14), except that the specific Us3
kinase buffer (50 mM Trs-HCl [pH 9.0], 20 mM MgCl2, 0.1%
Nonidet P-40, and 1 mM dithiothreitol) was used (6). The
results (Fig. 1D) showed that wild-type GST-Us3 was labeled
with [�-32P]ATP, while mutant GST-Us3K220M was not. To
confirm that GST-Us3 labeling was due to phosphorylation,
the labeled GST-Us3 was subjected to phosphatase treatment
as described previously (13), except that lambda protein phos-
phatase (�-PPase) (New England BioLabs) was used. As
shown in Fig. 1F, GST-Us3 labeling was eliminated by phos-
phatase treatment, indicating that GST-Us3 was labeled with
[�-32P]ATP by autophosphorylation. The expression of each
GST fusion protein and the identification of each radiolabeled
band were verified by silver staining, as shown in Fig. 1C and E.
These results show that enzymatically active GST-Us3 and its
GST-Us3K220M kinase-negative mutant were purified and
that Us3 residue Lys-220 is essential for protein kinase activity.

Us3 directly phosphorylates substrates UL34, ICP22, Us9,
and Bad, but not Bid, in vitro. We examined whether the
putative substrates reported earlier (3–5, 23, 30, 31) are in fact
phosphorylated directly by Us3 in vitro. As substrates for these
studies, we generated chimeric proteins, consisting of the mal-
tose-binding protein (MBP) fused to the putative substrates
(MBP-UL34, MBP-ICP22, MBP-Us9, MBP-Bad, and MBP-Bid)
in Escherichia coli transformed with pMAL-UL34, pMAL-
ICP22, pMAL-Us9, pMAL-Bad, and pMAL-Bid, respectively
(15, 16). pMAL-ICP22 and pMAL-Us9 were constructed by
amplifying the entire coding sequence of ICP22 and Us9, re-
spectively, by PCR from pBC1013 (18) and cloning the DNA
fragments into pMAL-c (New England BioLabs) in frame with

FIG. 1. (A) Schematic diagram of the predicted amino acid se-
quence of GST-Us3 and its kinase-negative mutant GST-Us3K220M.
The shaded areas represent subdomains I to VI, which are conserved
in eukaryotic protein kinases (34). The K220M mutation is also indi-
cated. (B) A silver-stained gel (left panel) and an immunoblot (right
panel) of purified GST-Us3 and GST-Us3K220M from Sf9 cells in-
fected with recombinant baculovirus Bac-GST-Us3 (lanes 1 and 2),
Bac-GST-Us3K220M (lanes 3 and 4) and Bac-GST-UL13 (16) (lanes 5).
Total cell extracts (lanes 1, 3, and 5) were subjected to affinity chro-
matography on glutathione-Sepharose and eluted (lanes 2 and 4).
Proteins were separated on a denaturing gel and subjected to sliver
staining (left panel) or transferred onto a nitrocellulose sheet and reacted
with antibody to Us3 (right panel). Molecular masses (kDa) are shown
on the left. (C) Purified GST-Us3 (lane 1) and GST-Us3K220M (lane
2) were incubated in kinase buffer containing [�-32P]ATP, separated
on a denaturing gel, and subjected to silver staining. Molecular masses
(kDa) are shown on the left. (D) Autoradiograph of the gel in panel C.
(E) Purified GST-Us3 was incubated in kinase buffer containing
[�-32P]ATP. The GST-Us3 sample was then either mock treated (lane
1) or treated with �-PPase (lane 2), separated on a denaturing gel, and
subjected to silver staining. (F) Autoradiograph of the gel in panel E.
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FIG. 2. CBB-stained and autoradiographic images of purified MBP fusion proteins used as substrates in in vitro kinase assays with purified
GST-Us3 and GST-Us3K220M. (A) Schematic representation of target proteins fused to MBP. (B) Purified MBP-ICP22 (lanes 1 and 2) and
MBP-lacZ (lanes 3 and 4) were incubated in kinase buffer containing [�-32P]ATP and purified GST-Us3 (lanes 1 and 3) or GST-Us3K220M (lanes
2 and 4), separated on a denaturing gel, and stained with CBB. Molecular masses (kDa) are shown on the left. (C) Autoradiograph of the gel in
panel B. (D) Purified MBP-ICP22 labeled as in panel B was then either mock treated (lane 1) or treated with �-PPase (lane 2), separated on a
denaturing gel, and stained with CBB. (E) Autoradiograph of the gel in panel D. (F to I) Experiments carried out as described in panels B to E,
respectively, except that MBP-UL34 was used instead of MBP-ICP22. (J to M) Experiments carried out as described in panels B to E, respectively,
except that MBP-Us9 was used instead of MBP-ICP22. (N to Q) Experiments were carried out as described in panels B to E, respectively, except
that MBP-Bad was used instead of MBP-ICP22. (R and S) Experiments carried out as described in panels B and C, respectively, except that
MBP-Bid was used in addition to MBP-ICP22.
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MBP. pMAL-UL34 was generated by cloning the EcoRI-PstI
fragment of pBS-UL34 into the EcoRI and PstI sites of
pMAL-c in frame with MBP. pBS-UL34 was constructed by
amplifying the entire coding sequence of UL34 by PCR from
pBC1014 (18) (a kind gift from B. Roziman) and cloning the
DNA fragments into pBluescript II KS�. To generate pMAL-
Bid and pMAL-Bad, the entire coding sequence of Bid and
Bad was amplified by PCR from a HeLa cDNA library (Clon-
tech) and a human fetal-brain MATCHMAKER cDNA library
(Clontech), respectively, and cloned into pMAL-c in frame
with MBP. The MBP fusion proteins were captured on amy-
lose beads and used as substrates in in vitro kinase assays with
GST-Us3 and GST-Us3K220M. In these assays, MBP-UL34,
MBP-ICP22, MBP-Us9, and MBP-Bad proteins were labeled
with [�-32P]ATP by purified GST-Us3, but neither MBP-lacZ
nor MBP-Bid was labeled (Fig. 2C, G, K, O, and S). When the
kinase-negative mutant GST-Us3K220M was used instead of
GST-Us3 in the assays, none of the MBP fusion proteins were
labeled (Fig. 2C, G, K, O, and S). Furthermore, labeling of the
MBP fusion proteins by GST-Us3 was eliminated by phospha-
tase treatment (Fig. 2E, I, M, and Q). The expression of each
MBP fusion protein and the identification of each radiolabeled

MBP protein band were verified by Coomassie brilliant blue
(CBB) staining as shown in Fig. 2B, D, F, H, J, L, N, P, and R.
These results indicate that Us3 specifically and directly phos-
phorylates UL34, ICP22, Us9, and Bad proteins in vitro, while
Bid does not appear to be a direct substrate for Us3 in this in
vitro system.

Us3 mediates the phosphorylation of UL34 at Thr-195 and
Ser-198. We then examined whether the system used to detect
the specific kinase activity of Us3 could be applied to identify
the phosphorylation sites of Us3 substrates. Purves et al. pu-
rified HSV-1 Us3 from infected cells using column chromatog-
raphy and determined the sequence of the Us3 kinase phos-
phorylation site using the purified enzyme and synthetic
polypeptides (19, 28). The consensus sequence is RnX(S/T)YY,
where n is greater than or equal to 2, X can be Arg, Ala, Val,
Pro, or Ser, and Y can be any residue except an acidic one (28).
The predicted amino acid sequence of UL34 contains the con-
sensus Us3 phosphorylation sites at UL34 codons 191 to 197
(RRRRTRR) and 196 to 200 (RRSRE) (21) (Fig. 3A). There-
fore, we examined whether Us3 phosphorylates UL34 at Thr-
195 and/or Ser-198. For this study, we generated mutant MBP-
UL34 proteins (MBP-UL34-T195A, MBP-UL34-S198A, and
MBP-UL34-T195A-S198A) in which Thr-195 and/or Ser-198
were substituted with alanine(s) by use of E. coli transformed
with pMAL-UL34-T195A, pMAL-UL34-S198A, and pMAL-
UL34-T195A-S198A, respectively (Fig. 3A). pMAL-UL34-
T195A, pMAL-UL34-S198A, and pMAL-UL34-T195A-S198A
were constructed by cloning the EcoRI-PstI fragments of pBS-
UL34-T195A, pBS-UL34-S198A, and pBS-UL34-T195A-S198A,
respectively, into the pMAL-c EcoRI and PstI sites in frame
with MBP. pBS-UL34-T195A, pBS-UL34-S198A, and pBS-
UL34-T195A-S198A were generated using the QuickChange
site-directed mutagenesis kit with pBS-UL34 as the template.
Wild-type and mutant UL34 proteins were used as substrates
in the in vitro kinase assays. As shown in Fig. 3B, MBP-UL34,
MBP-UL34T195A, and MBP-UL34S198A were labeled with
[�-32P]ATP, but MBP-UL34T195A-S198A was not labeled by
GST-Us3. None of the MBP proteins were labeled by the
kinase-negative mutant GST-Us3K220M. The expression of
each MBP fusion protein and the identification of each MBP
protein-radiolabeled band were verified by CBB staining.
These results show that both UL34 Thr-195 and Ser-198 are
phosphorylated by Us3.

Identification of UL31 as a novel substrate of Us3. Based on
the consensus Us3 phosphorylation site sequence, we identi-
fied putative Us3 phosphorylation sites in UL31 (Fig. 4A), at
UL31 codons 8 to 13 (RRGSRP), 21 to 26 (RRRSRS), 22 to
29 (RRSRSSAA), and 37 to 42 (RRASRK) (21). To investi-
gate whether UL31 can be a substrate for Us3, we generated a
chimeric protein consisting of MBP fused to full-length UL31
(MBP-UL31) by use of E. coli transformed with pMAL-UL31.
pMAL31 was generated by amplifying the entire UL31 coding
sequence by PCR from pBR1014 and cloning the DNA frag-
ments into pMAL-c in frame with MBP. As shown in Fig. 4C,
in the reaction with purified GST-Us3, MBP-UL31 was labeled
with [�-32P]ATP, but MBP-lacZ was not. When the GST-Us3
K220M kinase-negative mutant was used instead of GST-Us3,
neither of the MBP fusion proteins was labeled. MBP-UL31
labeling by GST-Us3 was eliminated by phosphatase treatment
(Fig. 4E). The expression of each MBP fusion protein and the

FIG. 3. (A) Schematic representation of MBP fusion proteins con-
taining wild-type UL34 and mutant UL34 with alanine substitution(s)
at Thr-195 and/or Ser-198. The amino acid sequence of UL34 residues
186 to 208 is shown. Sites with the consensus sequence for phosphor-
ylation by Us3 are underlined. (B) CBB-stained and autoradiographic
images of phosphorylated UL34. Purified MBP-UL34 (lanes 1 and 2),
MBP-UL34T195A (lanes 3 and 4), MBP-UL34S198A (lanes 5 and 6),
and MBP-UL34T195A-S198A (lanes 7 and 8) were incubated in kinase
buffer containing [�-32P]ATP and purified GST-Us3 (lanes 1, 3, 5, and
7) or GST-Us3K220M (lanes 2, 4, 6, and 8), separated on a denaturing
gel, and stained with CBB (upper panel). The lower panel shows an
autoradiograph of the gel in the upper panel.
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identification of each MBP protein-radiolabeled band were
verified by CBB staining as shown in Fig. 4B and D. These
results show that Us3 directly phosphorylates UL31 in vitro.
Furthermore, UL31 proteins produced by cells infected with a
Us3 deletion mutant virus R7041 (29) migrated in a denaturing
gel faster than those produced by cells infected with wild-type
HSV-1 strain F [HSV-1(F)] (35) or a recombinant virus R7306
in which the Us3 gene was repaired (Fig. 4F) (29). R7041 and
R7306 were kindly provided by B. Roizman. After phosphatase
treatment (36) of the lysate from cells infected with HSV-1(F),
UL31 proteins migrated as fast as those from cells infected
with R7041 (Fig. 4G). These results indicate that Us3 mediates
phosphorylation of UL31 in infected cells.

Identification of the physiological substrate of a viral protein
kinase requires demonstration that the substrate is specifically
and directly phosphorylated by the enzyme in vitro and that the
phosphorylation of the substrate in cells infected with a mutant
virus lacking protein kinase activity is altered. In studies of
HSV Us3, several viral and cellular proteins have been iden-
tified as putative substrates for Us3 (3–5, 7, 23, 24, 30, 31, 33),
although none could be definitively shown to be a substrate for
Us3 in vitro because of the difficulty in obtaining specific in
vitro protein kinase activity. However, as described above, we
have developed a system for the expression of large amounts of
recombinant Us3 in insect cells by use of a recombinant bac-
ulovirus and have obtained highly purified Us3 with kinase
activity. We also have generated a kinase-negative Us3 mutant
to use as a control to eliminate the possibility that the kinase
activity detected using purified recombinant Us3 is due to a
copurified contaminating kinase(s). The availability of purified
recombinant Us3 and its mutant enabled us to investigate the
specific activity of Us3 and show that the previously reported
putative substrates for Us3 (UL34, ICP22, Us9, and Bad) (4, 5,
23, 30, 31) are phosphorylated directly by Us3. Furthermore,
these studies identified UL31, a previously unreported Us3
substrate, as a novel substrate of Us3 in vitro. Of these sub-
strates, UL34, ICP22, and Bad have been shown to have re-
duced phosphorylation in cells infected with Us3 kinase-nega-
tive mutant viruses (4, 30, 31). In the studies described here, we
demonstrated that the phosphorylation of UL31 was obviated
in cells infected with Us3 deletion mutant virus. It is therefore
likely that UL34, ICP22, UL31, and Bad are physiological
substrates of Us3 in infected cells. In contrast, it is not clear at
present whether Us9 is a natural substrate of Us3, because
phosphorylation of the viral protein has not been analyzed thus
far in Us3 kinase-negative mutant virus-infected cells.

It has been reported that Us3 can directly phosphorylate the
cellular protein Bid in assays of Us3 immunoprecipitates with
polyclonal antibody to the protein (3). However, that study did
not show clearly that Us3 was the only kinase present or that
phosphorylation of Bid was not carried out by a kinase(s)
contaminant. Using the in vitro system developed in the studies

FIG. 4. (A) Schematic diagram of the amino acid sequence of
UL31 fused to MBP. The amino acid sequence of UL31 residues 6 to
42 is shown. Sites with the consensus sequence for phosphorylation by
Us3 are underlined. (B) CBB-stained and autoradiographic images of
purified MBP-UL31 (lanes 1 and 2) and MBP-lacZ (lanes 3 and 4)
incubated in kinase buffer containing [�-32P]ATP and purified GST-
Us3 (lanes 1 and 3) or GST-Us3K220M (lanes 2 and 4), separated on
a denaturing gel, and stained with CBB. Molecular masses (kDa) are
shown on the left. (C) Autoradiograph of the gel in panel B. (D) Pu-
rified MBP-UL31 incubated in kinase buffer containing [�-32P]ATP
and purified GST-Us3 was then either mock treated (lane 1) or treated
with �-PPase (lane 2), separated on a denaturing gel, and stained with
CBB. (E) Autoradiograph of the gel in panel D. (F) An immunoblot of
electrophoretically separated lysates from Vero cells mock infected
(lane 1) or infected with HSV-1(F) (lane 2), R7041 (lane 3), or R7306
(lane 4) at multiplicities of infection of 3 PFU per cell. The infected

cells were harvested at 12 h after infection and subjected to immuno-
blotting with a polyclonal antibody to UL31 (37). Molecular masses
(kDa) are shown on the left. (G) The lysates used for panel F were
mock treated (lanes 1 and 3) or treated with alkaline phosphatase
(lane 2), separated on a denaturing gel, and subjected to immunoblot-
ting with the antibody to UL31.
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reported here, we demonstrated that Us3 was not able to
directly phosphorylate Bid. Since we used Bid fused to MBP as
the substrate in the in vitro kinase assays instead of the non-
fusion Bid protein as in the previously reported study (3), we
cannot completely exclude the possibility that the lack of Bid
phosphorylation by Us3 in our studies resulted from the steric
hindrance of Bid due to its fusion to MBP. Further studies are
needed to clarify whether Bid is a direct substrate for Us3.

The in vitro system described here enables studies to deter-
mine the phosphorylation site(s) of Us3 substrates. The iden-
tification of phosphorylation site(s) is a crucial step in the
elucidation of the biological significance of the phosphoryla-
tion. Once the phosphorylation site(s) of the substrate has
been determined, the biological significance of the phosphor-
ylation can be investigated using substrate mutants with amino
acid substitution(s) in the phosphorylation site(s) (33, 36). We
have demonstrated that both UL34 Thr-195 and Ser-198 are
sites for Us3 phosphorylation. In agreement with this conclu-
sion, it has been reported that the phosphorylation of UL34 in
cells infected with recombinant viruses carrying amino acid
substitutions in UL34 Thr-195 and/or Ser-198 of UL34 is com-
pletely abolished (31, 33). Taken together, these observations
indicate that Us3 phosphorylates UL34 Thr-195 and Ser-198
both in vitro and in vivo.

In conclusion, we have established a system for analyzing the
specific protein kinase activity of Us3 in vitro. This system is
useful for the identification of direct Us3 substrates and their
phosphorylation site(s). It is also noteworthy that the system is
easily applied to expression screening methods for identifying
protein kinase substrates, such as phosphorylation screening
(9). However, proteins identified by this system are only in
vitro substrates and must be shown by in vivo experiments to be
physiological substrates. The utilization of these methods can
help to identify physiological Us3 substrates and, by extension,
contribute to clarifying the mechanisms by which Us3 ex-
presses its functions in viral replication, including possible
novel function(s) of Us3.
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