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Us3 is a serine/threonine protein kinase encoded by herpes simplex virus 1 (HSV-1). Here, we report the
identification of a physiological Us3 phosphorylation site on serine at position 147 (Ser-147) which regulates its
protein kinase activity in vitro. Moreover, mutation of this site influences Us3 function, including correct localiza-
tion of the enzyme and induction of the usual morphological changes in HSV-1-infected cells. These conclusions are
based on the following observations: (i) in in vitro kinase assays, a domain of Us3 containing Ser-147 was specifically
phosphorylated by Us3 and protein kinase A, while a mutant domain in which Ser-147 was replaced with alanine
was not; (ii) in vitro, alanine replacement of Ser-147 (S147A) in Us3 resulted in significant impairment of the kinase
activity of the purified molecule expressed in a baculovirus system; (iii) phosphorylation of Ser-147 in Us3 tagged
with the monomeric fluorescent protein (FP) VenusA206K (VenusA206K-Us3) from Vero cells infected with a
recombinant HSV-1 encoding VenusA206K-Us3 was specifically detected using an antibody that recognizes phos-
phorylated serine or threonine residues with arginine at the �3 and �2 positions; and (iv) the S147A mutation
influenced some but not all Us3 functions, including the ability of the protein to localize itself properly and to induce
wild-type cytopathic effects in infected cells. Our results suggest that some of the regulatory activities of Us3 in
infected cells are controlled by phosphorylation at Ser-147.

The herpes simplex virus 1 (HSV-1) Us3 gene encodes a
serine/threonine protein kinase with an amino acid sequence
conserved in the subfamily Alphaherpesvirinae (12, 31, 48). In
vitro biochemical studies characterized the consensus target
sequence of an HSV-1 Us3 homologue encoded by pseudora-
bies virus (PRV) as 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 amino acid except an acidic residue (26, 27, 47). The target
site specificity of HSV-1 and HSV-2 Us3 and varicella-zoster
virus open reading frame 66 (ORF66) has been reported to be
broadly similar to that of the PRV homologue (7, 9, 47). Based
on studies showing that recombinant Us3 mutant viruses have
impaired growth properties in cell cultures and virulence in
mouse models (32, 52), it is concluded that HSV-1 Us3 is a
positive regulator of viral replication and viral pathogenicity.
At present the mechanisms by which this viral protein kinase
acts in viral replication and pathogenicity remain largely un-
determined, but several lines of evidence suggest possible func-
tions of Us3, as discussed below.

(i) The Us3 protein kinase blocks apoptosis induced by rep-
lication-incompetent viruses, osmotic shock, or overexpression

of proapoptotic cellular proteins (15, 18, 28, 35, 36, 42). Al-
though the critical Us3 substrate(s) which mediates the anti-
apoptotic activity of the viral protein kinase has not yet been
identified, evidence suggesting mechanisms by which Us3 pre-
vent apoptosis is gradually accumulating. Recently, it has been
reported that Us3 activates protein kinase A (PKA), a cellular
cyclic AMP-dependent protein kinase with phosphorylation
target sequences resembling those of Us3. It has also been
reported that both Us3 and PKA phosphorylate the same tar-
get protein residues (1), suggesting that the former mediates
antiapoptotic activity through phosphorylation of PKA sub-
strates, by activating PKA, and/or by mimicking this cellular
protein kinase. In addition, cellular apoptosis-regulating pro-
teins, including Bad, Bid, and procaspase 3, have been impli-
cated as being phosphorylated by Us3 (2–4, 17, 36). However,
the biological significance of Us3-mediated phosphorylation of
these cellular proteins in infected cells remains to be eluci-
dated.

(ii) The Us3 protein kinase plays a role in nuclear egress of
progeny nucleocapsids. In cells infected with Us3 mutant vi-
ruses, virions aggregate aberrantly within the perinuclear space
in large invaginations (52). Us3 phosphorylates UL31 and
UL34, both of which are crucial regulators of primary envel-
opment of nucleocapsids at the nuclear membrane; the cata-
lytic activity of Us3 protein kinase is required for proper lo-
calization of UL31 and UL34 at the nuclear membrane (17, 50,
51, 54, 56). Furthermore, Us3 phosphorylates and alters the
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localization of lamin A/C, a fibrous meshwork lining the nu-
cleoplasmic face of the inner nuclear membrane (34). Us3 has
also been implicated in phosphorylating the inner nuclear
membrane protein Emerin, which interacts with a number of
nuclear components, including lamins and the DNA-binding
protein BAF, and is suggested to be involved in maintaining
nuclear integrity (25, 33). These observations suggest that Us3
regulates nuclear egress of nucleocapsids by mediating phos-
phorylation of these viral and cellular proteins. It has been
reported that lack of phosphorylation of UL34 is not likely to
be responsible for the aberrant nuclear membrane morphology
observed in cells infected with Us3 mutant viruses, whereas the
role of phosphorylation of other proteins, including UL31,
lamin A/C, and Emerin, has not yet been elucidated.

(iii) The HSV-1 Us3 homologues encoded by PRV and
Marek’s disease virus mediate actin stress fiber breakdown in
infected cells (57, 63). The cytoskeletal rearrangement medi-
ated by the PRV Us3 homologue has been implicated as being
associated with the changed morphology of infected cells and
intracellular viral spread (11). Consistent with this, it has been
reported that the cytopathic effects (CPEs) on cells infected
with Us3 mutants of HSV-1 and HSV-2 are different from
those with wild-type viruses (36, 38, 48). In addition, overex-
pression of HSV-2 Us3 in the absence of other viral proteins
has been shown to induce actin stress fiber breakdown and to
affect the cdc42/Rac pathway, which controls actin cytoskeletal
organization (37). Although it remains uncertain whether HSV
Us3 is in fact involved in rearrangement of actin stress fibers in
infected cells as observed in PRV and Marek’s disease virus
infection, these observations indicate that Us3 influences the
morphology of infected cells, probably by modifying the cy-
toskeleton.

(iv) Other than the Us3 substrates described above, ICP22,
Us9, UL12, UL46, cytokeratin 17, histone deacetylase 1
(HDAC1), and HDAC2 (6, 8, 17, 30, 38, 45, 49) have been
reported to be putative substrates for Us3. Although the bio-
logical significance of the phosphorylation of the putative sub-
strates by Us3 during the viral life cycle remains to be eluci-
dated, these observations imply an additional novel function(s)
of Us3.

While the functional manifestations of Us3 have been grad-
ually unveiled as described above, little is known regarding the
mechanisms by which the protein kinase activity of Us3 protein
is regulated. In cells, the activity of cellular protein kinases is
tightly regulated; they are turned on or off by phosphorylation,
binding of regulatory subunits, the presence of small mole-
cules, or by virtue of their subcellular localization (55). There-
fore, knowledge of the mechanisms by which protein kinases
are activated or inhibited is also crucial for understanding the
overall features of the enzymes as well as the functional con-
sequences of their manipulation. In the studies presented here,
we focus on phosphorylation of Us3 and its effect on regulatory
activities of this protein kinase. It has been reported that Us3
is autophosphorylated in vitro (17, 47), as well as by another
HSV-1-encoded protein kinase, UL13, in infected cells (18).
However, a direct link between Us3 autophosphorylation and
phosphorylation by UL13, and the regulatory activity of Us3,
has not been demonstrated. Here, we report the identification
of a physiological Us3 phosphorylation site at Ser-147, which

regulates its protein kinase activity in vitro, as well as certain of
its functions in infected cells.

MATERIALS AND METHODS

Cells and viruses. Vero, rabbit skin, and Spodoptera frugiperda Sf9 cells were
described previously (21, 59), as was HSV-1 wild-type strain HSV-1(F) (10, 59).
Human embryonic lung fibroblast (HEL) cells were kindly provided by Shinya
Watanabe and were maintained in Dulbecco’s modified Eagle’s medium con-
taining 10% fetal calf serum. A Us3 deletion mutant virus, R7041, and a recom-
binant virus, R7306, in which the Us3 gene has been repaired (48) were kindly
provided by B. Roizman. The recombinant virus YK304 was reconstituted from
pYEbac102, containing a complete HSV-1(F) sequence with the bacterial arti-
ficial chromosome (BAC) sequence inserted into the HSV intergenic region
between UL3 and UL4 (59). YK304 has been shown to have a phenotype
identical to that of wild-type HSV-1(F) in cell cultures and in mouse models (59).

Plasmids. (i) A plasmid, pGEX-Us3-P1, for generating a fusion protein of
glutathione S-transferase (GST) and a part of Us3, was constructed by amplifying
the domains carrying Us3 codons 98 to 364 by PCR from pBS-Us3 (17) and
cloning the DNA fragments into pGEX4T-1 (GE Healthcare) in frame with
GST. pBS-Us3S147A, in which the serine codon at position 147 (Ser-147) of Us3
was replaced with an alanine, was generated according to the manufacturer’s
instructions using the QuikChange site-directed mutagenesis XL kit with com-
plementary oligonucleotides containing the specific nucleotide substitution
(Stratagene). (ii) Plasmids pMAL-Us3-P4 and pMAL-Us3-P4-S147A, for gen-
erating a fusion protein of maltose-binding protein (MBP) and a part of Us3,
were constructed by amplifying the domains carrying Us3 codons 1 to 172 by
PCR from pBS-Us3 or pBS-Us3S147A, respectively, and cloning the DNA frag-
ments into pMAL-c (New England BioLabs) in frame with MBP. (iii) The
transfer plasmid pAcGHLT-Us3S147A, for generating a recombinant baculovi-
rus expressing GST fused to a mutated version of Us3 in which Ser-147 was
replaced with an alanine (Us3S147A), was constructed by cloning the EcoRI-
NotI fragment of pBS-Us3S147A into the EcoRI and NotI sites of pAcGHLT-A
(Pharmingen) in frame with GST. (iv) The transfer plasmids pBS-VenusA206K-
Us3 and pBS-VenusA206K-Us3S147A for generating a recombinant HSV-1
expressing a fusion protein of the Venus FP and Us3 or Us3S147A protein,
respectively, were constructed as follows. Plasmid pBS-Venus was constructed by
amplifying the Venus ORF (39) without the stop codon from Venus/pCS2 (a
generous gift from A. Miyawaki) and cloning it into the EcoRI and SpeI sites of
pBluescript KS(�) (Stratagene). Using pBS-Venus, pBS-VenusA206K, in which
alanine at Venus residue 206 was replaced with lysine, was generated using the
QuikChange site-directed mutagenesis XL kit. Because green FP (GFP) and its
variants form dimers at high concentrations, the A206K mutation was used to
prevent dimerization without significant alteration of FP spectral properties (66).
The 1.5-kb sequence upstream of the HSV-1 Us3 start codon was amplified by
PCR from pBC1013 (a generous gift from B. Roizman) (22) using the primers
5�-GCAAGCTTAGGAGGGCTCCCAGCCCTGG-3� and 5�-GCGAATTCTC
GCCGCACCGTGAGTGCCA-3� and cloned into the pBS-VenusA206K EcoRI
and HindIII sites to produce pBS-VenusA206K-1.5kb. The entire Us3, or the Us
3S147A ORF without the Us3 start codon, was amplified by PCR from pBS-Us3
or pBS-Us3S147A and cloned into the pBS-VenusA206K-1.5kb SpeI and NotI
sites in frame with VenusA206K to produce pBS-VenusA206K-Us3 and pBS-
VenusA206K-Us3S147A, respectively. The resultant plasmid consisted of Venus
A206K-Us3 or VenusA206K-Us3S147A bounded by Us3 flanking sequences.

Mutagenesis of viral genomes in E. coli and generation of recombinant HSV-1.
To generate a Us3 deletion mutant virus (YK502) in which a gene encoding
kanamycin resistance was substituted for the domain of Us3 carrying codons 1 to
220 (Fig. 1), the one-step mutagenesis method known as ET cloning was per-
formed as described previously (60, 67). Briefly, linear fragments containing a
gene encoding kanamycin resistance and 50 bp of flanking Us3 sequences on
each side generated by PCR using the primers 5�-CGGGGCCCGTCGTTCGG
GGTGCTCGTTGGTTGGCACTCACGGTGCGGCGAGACAGCAAGCGA
ACCGGAAT-3� and 5�-AGTCGCCTCAGCAGTCGCGCCTCGTGGCTCGT
GCTCGTGTACCACCCCGCCGGAAATGTTGAATACTCATACTCTTCCT
TTTTC-3� were electroporated into YEbac202, an E. coli DH10B strain
containing an HSV-1 (F)-BAC plasmid (pYEbac102) (59) and pGETrec, encod-
ing recombinases E and T (a generous gift from P. A. Ioannou) (40). These
primers were designed to replace codons 1 to 220 of Us3 with a kanamycin
resistance gene. Kanamycin-resistant colonies were then screened by PCR with
appropriate primers, which led to the identification of E. coli YEbac502 harbor-
ing the mutant HSV-BAC plasmid pYEbac502. The Us3 deletion mutant virus
YK502 was generated by transfection of pYEbac502 into rabbit skin cells as
described previously (59) and verified by Southern blotting.
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To construct the recombinant virus YK503 encoding VenusA206K fused to a
Us3 mutant protein in which alanine was substituted for Ser-147 (VenusA206K-
Us3S147A) (Fig. 1), rabbit skin cells were cotransfected with the transfer plasmid
pBS-VenusA206K-Us3S147A and intact YK502 viral DNA, using the calcium
phosphate precipitation technique, as described previously (22). Viral DNAs
were extracted from infected cells and purified on 5 to 20% potassium acetate
gradients as described previously (22). At 3 days posttransfection, the transfected
cells were harvested and subjected to freeze-thawing and sonication. The cell
lysates were diluted and inoculated onto Vero cells, and plaques were screened

for fluorescence with an inverted fluorescence microscope (Olympus IX71).
Recombinants were plaque purified three times on Vero cells and verified by
Southern blotting.

The recombinant virus YK505, in which the alanine replacement of Ser-147 in
Us3 of YK503 had been repaired (VenusA206K-Us3-repair) (Fig. 1), was gen-
erated as follows. First, recombinant virus YK504, in which a gene encoding
kanamycin resistance was substituted for VenusA206K and the domain of YK503
Us3 carrying codons 1 to 220 was constructed. To this end, circular viral DNA of
YK503 isolated from infected Vero cells by the Hirt method was electroporated

FIG. 1. Schematic diagram of genome structures of wild-type YK304 and relevant domains of the recombinant viruses. Line 1, a linear
representation of the YK304 genome. The YK304 genome has bacmid (BAC) in the intergenic region between UL3 and UL4. Line 2, the
HindIII(N) fragment in the genome domain carrying the Us2, Us3, Us4, and Us5 ORFs. Line 3, predicted amino acid sequence of Us3. Lines 4
to 7, 8, 9, 11, 13, and 15, schematic diagrams of the recombinant viruses YK502 to YK505, YK510, YK511, YK513, YK515, and YK517,
respectively. Lines 10, 12, and 14, schematic diagrams of plasmids pYEbac512, pYEbac514, and pYEbac516, respectively.
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into E. coli DH10B (Invitrogen), and E. coli YEbac503 harboring the YK503
genome was isolated as described previously (59). ET cloning was performed in
E. coli YEbac503. The Us3 deletion mutant virus YK504 (Fig. 1) was reconsti-
tuted in the same way to generate YK502 as described above. Second, rabbit skin
cells were cotransfected with the transfer plasmid pBS-VenusA206K-Us3 and
intact YK504 viral DNA, and the recombinant virus YK505 was generated in the
same way to produce YK503, as described above.

To generate a recombinant virus (YK511) carrying a methionine replacing the
lysine codon at position 220 (Lys-220) (Fig. 1), the two-step Red-mediated
mutagenesis procedure (61) was performed. Briefly, E. coli GS1783 (14) con-
taining pYEbac102 (a kind gift from G. A. Smith and N. Osterrieder) was grown
in LB medium containing 20 �g/ml of chloramphenicol at 32°C to an optical
density at 600 nm of 0.5 to 0.7. The E. coli culture was then transferred into a
42°C water bath and left for 15 min to induce the expression of the Red
recombination system. Finally, bacteria were cooled on ice for 20 min and
harvested, and electrocompetent cells were prepared as described elsewhere
(59). Linear fragments containing a gene encoding the I-SceI site, kanamycin
resistance, and 60 bp of Us3 sequences carrying the methionine substitution of
Lys-220 were generated by PCR using the primers 5�-CAGCAGCCATCCAGA
TTACCCCCAACGGGTAATCGTGATGGCGGGGTGGTACACGAGCAC
AGGATGACGACGATAAGTAGGG-3� and 5�-GCAGTCGCGCCTCGTGG
CTCGTGCTCGTGTACCACCCCGCCATCACGATTACCCGTTGGGCAAC
CAATTAACCAATTCTGATTAG-3� with pEPkan-S (61) (a kind gift from N.
Osterrieder) as the template. The primers were designed to insert the I-SceI site,
kanamycin resistance, and 60 bp of Us3 sequences carrying the methionine
substitution of Lys-220 into the Lys-220 locus of the Us3 gene. The linear
PCR-generated fragments were electroporated into the electrocompetent cells.
These bacteria were then incubated at 32°C for 1.5 h and plated on LB agar
plates containing 20 �g/ml of chloramphenicol and 40 �g/ml of kanamycin to
select E. coli clones harboring the kanamycin resistance gene inserted into the
Us3 locus. Kanamycin-resistant colonies were screened by PCR with appropriate
primers, which led to the identification of YEbac510, a E. coli GS1783 strain
harboring the mutant HSV-BAC plasmid pYEbac510. A Us3 deletion mutant
virus (YK510) was generated by transfection of pYEbac510 into rabbit skin cells
as described previously and verified by Southern blotting. Next, the kanamycin
resistance gene cassette was excised by expressing the I-SceI restriction enzyme
in YEbac510 through induction with arabinose, followed by induction of the Red
recombination machinery by raising the temperature. Briefly, 100 �l of an over-
night culture of E. coli YEbac510 cells grown in LB medium containing chlor-
amphenicol and kanamycin was inoculated into 2 ml of LB medium containing
only chloramphenicol. Bacteria were incubated at 32°C for 2 to 4 h with shaking,
followed by addition of 10% (wt/vol) L-arabinose (Wako) to the culture at a 1:5
ratio, and incubated for another 1 h at 32°C. Finally, E. coli cells were incubated
at 42°C for 30 min. The culture was then shaken at 32°C for another 1 to 2 h, and
100 �l of 10�1 to 10�6 dilutions of the culture was plated onto LB agar plates
containing only chloramphenicol. After 24 to 48 h, individual colonies were
restreaked in duplicate on chloramphenicol- or chloramphenicol-kanamycin-
containing plates and grown overnight at 32°C. Chloramphenicol-resistant and
kanamycin-sensitive clones were further screened by PCR with the appropriate
primers, followed by nucleotide sequencing for confirmation of the desired
mutation. One of the colonies (YEbac511) harboring pYEbac511 was selected
and used for construction of the Us3 kinase-negative mutant virus YK511.

To generate the recombinant virus YK513 in which the methionine re-
placement of Lys-220 in Us3 of YK510 had been repaired (Fig. 1), the same
procedure as used to generate YK511 was performed except that E. coli
YEbac511 and the primers 5�-CAGCAGCCATCCAGATTACCCCCAACG
GGTAATCGTGAAGGCGGGGTGGTACACGAGCACAGGATGACGAC
GATAAGTAGGG-3� and 5�-GCAGTCGCGCCTCGTGGCTCGTGCTCG
TGTACCACCCCGCCTTCACGATTACCCGTTGGGCAACCAATTAAC
CAATTCTGATTAG-3� were used.

A recombinant virus (YK515) carrying an alanine replacement of Ser-147
in Us3 (Fig. 1) was constructed by the same procedure as used to generate
YK511 except that the primers 5�-CCCGTGTGGCGCATCTCCCCCCGGT
ATACGACGACGCGCCCGGGATGAGATTGGGGCCACAGGATGACG
ACGATAAGTAGGG-3� and 5�-CTTCCGCGGTAAATCCCGTGGCCCCA
ATCTCATCCCGGGCGCGTCGTCGTATACCGGGGGCAACCAATTAA
CCAATTCTGATTAG-3� were used. To generate the recombinant virus
YK517, in which the alanine replacement of Ser-147 in Us3 of YK515 had
been repaired (Fig. 1), the same procedure as used to generate YK511 was
performed except that E. coli YEbac515, which was obtained in the procedure
to generate YK515 and harbored pYEbac515 carrying an alanine replace-
ment of Ser-147 in Us3, and the primers 5�-CCCGTGTGGCGCATCTCCC
CCCGGTATACGACGACGCAGCCGGGATGAGATTGGGGCCACAGG

ATGACGACGATAAGTAGGG-3� and 5�-CTTCCGCGGTAAATCCCGT
GGCCCCAATCTCATCCCGGCTGCGTCGTCGTATACCGGGGGCAAC
CAATTAACCAATTCTGATTAG-3� were used.

Production and purification of GST and MBP fusion proteins expressed in E.
coli. GST fusion protein (GST-Us3-P1) was expressed in E. coli transformed with
pGEX-Us3-P1, purified as described previously (19), and used for generation of
rabbit polyclonal antibody to Us3 as described below. MBP fusion proteins
(MBP-Us3-P4, MBP-Us3-P4-S147A, or MBP-UL34) were expressed in E. coli
transformed with pMAL-Us3-P4, pMAL-Us3-P4-S147A, or pMAL-UL34 (17),
respectively, and purified as described previously (21).

Generation of recombinant baculovirus. Recombinant baculoviruses Bac-
GST-Us3, Bac-GST-Us3K220M, and Bac-GST-BGLF4 have been described
previously (17, 21). To generate Bac-GST-Us3S147A, pAcGHLT-Us3S147A was
cotransfected with linearized baculovirus DNA BaculoGold (Pharmingen) into
Sf9 cells using Lipofectin (Invitrogen) as described previously (21). The recom-
binant baculoviruses were propagated in Sf9 cells.

Purification of GST fusion proteins from baculovirus-infected cells. GST-Us3,
GST-Us3K220M, GST-Us3S147A, and GST-BGLF4 proteins were purified
from Sf9 cells infected with Bac-GST-Us3, Bac-GST-Us3K220M, Bac-GST-Us3
S147A, and Bac-GST-BGLF4, respectively, as described previously (21).

Antibodies. To generate polyclonal antibody to Us3, two rabbits were immu-
nized with purified GST-Us3-P1, following a standard protocol at MBL (Nagoya,
Japan). Chicken polyclonal antibody to UL34 was kindly provided by R. Roller
(51). Rabbit polyclonal antibodies to UL31 (68) and VP22 (41) were described
previously. Rabbit polyclonal antibody to HDAC2 and rat monoclonal antibody
to GFP were purchased from Sigma and MBL, respectively. Rabbit phospho-
PKA substrate (100G7) monoclonal antibody was purchased from Cell Signaling
Technology.

In vitro kinase assays. MBP fusion proteins were captured on amylose beads
(New England BioLabs) and used as substrates in in vitro kinase assays with 0.34
�g (3.7 pmol) of purified GST-Us3 or GST-Us3K220M, as described previously
(17). MBP fusion proteins were also used as substrates in in vitro kinase assays
with 0.14 �g (3.7 pmol) (Fig. 2C and D) or 0.45 �g (11.9 pmol) (Fig. 2A, B, E,
and F) of purified PKA, purchased from Invitrogen. In vitro kinase assays with
PKA were performed as described previously (21) except that specific PKA
reaction buffer (50 mM Tris-HCl [pH 7.5], 10 mM MgCl2) was used. The relative
amount of radioactivity in substrates phosphorylated by GST-Us3 or GST-Us3S
147A was quantified with the aid of Dolphin Doc and the software Dolphin-1D
(Wealtec).

Immunoblotting and immunofluorescence. Immunoblotting was performed as
described previously (22) except that polyvinylidene difluoride membranes (Mil-
lipore) were used with the phospho-PKA substrate antibody. Indirect immuno-
fluorescence assays were performed as described previously (16), except that
anti-chicken immunoglobulin G (IgG) conjugated to Alexa Fluor 546 was used as
the secondary antibody, and samples were examined with the Zeiss LSM5 laser
scanning microscope.

Immunoprecipitation. Vero cells were infected with either YK503 or YK505
at a multiplicity of infection (MOI) of 3 PFU. Infected cells were harvested at
18 h postinfection and lysed in NP-40 buffer (50 mM Tris-HCl [pH 8.0], 150 mM
NaCl, 1.0% Nonidet P-40 [NP-40]) containing a protease inhibitor cocktail
(Sigma). Supernatants obtained after centrifugation of the cell lysates were
precleared by incubation with protein A-Sepharose beads (GE Healthcare) at
4°C for 30 min. After a brief centrifugation, supernatants were passed through
0.22-�m-pore-size filters and then reacted at 4°C for 1.5 h with 6 �l of agarose-
conjugated anti-GFP (MBL), i.e., anti-GFP monoclonal antibody RQ2 coupled
to agarose beads. To visualize the agarose bead pellet more easily, additional
protein A-Sepharose beads were added to the supernatants. Immunoprecipitates
were collected by a brief centrifugation, washed extensively with NP-40 buffer,
and analyzed by immunoblotting with anti-phospho-PKA substrate (RRXS/T)
antibody or anti-Us3 antibody.

Immune complex kinase assays. Vero cells were infected with either YK304,
YK511, or YK515 at an MOI of 3. Infected cells were harvested at 18 h postin-
fection and lysed in radioimmunoprecipitation assay buffer (50 mM Tris-HCl
[pH 7.5], 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% sodium dodecyl
sulfate) containing a protease inhibitor cocktail (Sigma). Supernatants obtained
after centrifugation of the lysates were precleared by incubation with protein
A-Sepharose beads at 4°C for 30 min and then reacted with the anti-Us3 anti-
body at 4°C for 1.5 h. Protein A-Sepharose beads were added to the supernatants
and the reaction continued for another 2 h. Immunoprecipitates were collected
by a brief centrifugation and washed twice with high-salt buffer (1 M NaCl, 10
mM Tris-HCl [pH 8.0], 0.2% NP-40), once with low-salt buffer (0.1 M NaCl, 10
mM Tris-HCl [pH 8.0], 0.2% NP-40), six times with radioimmunoprecipitation
assay buffer, and finally four times with Us3 kinase buffer (50 mM Tris-HCl [pH
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9.0], 20 mM MgCl2, 0.1% NP-40, and 1 mM dithiothreitol). Thereafter, they
were divided into two aliquots. Immunoprecipitates in one aliquot were analyzed
by in vitro kinase assays. For these assays, Us3 kinase buffer containing 10 �M
ATP and 10 �Ci [�-32P]ATP was added to the mixture of protein A-Sepharose
beads containing immunoprecipitated Us3 protein kinase and amylose beads
containing purified MBP-UL34 and reacted at 30°C for 30 min. After incubation,
the samples were washed twice with TNE buffer (20 mM Tris-HCl [pH 8.0], 100
mM NaCl, and 1 mM EDTA) and separated by electrophoresis in denaturing
gels. After electrophoresis, the separated proteins were transferred from the gels
to nitrocellulose membranes (Bio-Rad) and exposed to X-ray film. Immunopre-
cipitates in the other aliquot were analyzed by immunoblotting with anti-Us3
antibody.

Phosphatase treatment. After in vitro kinase assays, the MBP fusion proteins
or the immunoprecipitates were subjected to phosphatase treatment as described
previously except that 200 U � phosphatase (�-PPase) (New England BioLabs)
was used in these experiments (17). In other studies, the GST-Us3 fusion pro-
teins were treated with 20 U alkaline phosphatase (CIP; New England BioLabs)
as described previously (17).

Chemical treatments. The PKA inhibitor 6-22 amide was purchased from
Calbiochem and was used at a final concentration of 52 nM.

Purification of virions. Virions were purified as described previously (60).

RESULTS

Identification of the in vitro autophosphorylation site of Us3
as Ser-147. As a first step toward investigation of the regula-
tion of Us3 by phosphorylation, we attempted to identify the in
vitro autophosphorylation site(s) of Us3. Based on the consen-
sus Us3 phosphorylation site sequence, we identified a putative
autophosphorylation site at Us3 codons 144 to 149 (RRR
SRD) (Fig. 3A). To confirm that Ser-147 of Us3 is in fact the
autophosphorylation site in vitro, we generated and purified
chimeric proteins consisting of MBP fused to peptides encoded
by Us3 codons 1 to 172 (MBP-Us3-P4) and its mutant MBP-
Us3-P4-S147A in which alanine was substituted for Ser-147
(Fig. 3A). The MBP fusion proteins were captured on amylose
beads and used as substrates in in vitro kinase assays with
purified wild-type GST-Us3 or the kinase-negative mutant
GST-Us3K220M (Fig. 4A). As shown in Fig. 3C, MBP-Us3-P4
was labeled with [�-32P]ATP in kinase assays using GST-Us3
(Fig. 3C, lane 1), while MBP-Us3-P4-S147A was not (Fig. 3C,
lane 2). When the kinase-negative mutant GST-Us3K220M
was used, none of the MBP fusion proteins were labeled (Fig.
3C, lanes 3 and 4). To confirm that MBP-Us3-P4 labeling by
GST-Us3 was due to phosphorylation, the labeled MBP-
Us3-P4 was treated with �-PPase. As shown in Fig. 3E, MBP-
Us3-P4 labeling by GST-Us3 was eliminated by phosphatase
treatment, indicating that MBP-Us3-P4 was labeled by phos-
phorylation. The presence of each MBP fusion protein and the
radiolabeled MBP-Us3-P4 band was verified by Coomassie
brilliant blue (CBB) staining (Fig. 3B and D). These results
indicate that Ser-147 of Us3 is one of the in vitro autophos-
phorylation sites.

PKA also phosphorylates Ser-147 of Us3 in vitro. An earlier
report indicated that Us3 and PKA phosphorylate the same
site of their target protein in vitro (1). These observations led
us to test whether PKA also phosphorylates Ser-147 of Us3 in
vitro. As shown in Fig. 2B, MBP-Us3-P4 was labeled with
[�-32P]ATP in kinase assays using purified PKA (Fig. 2B, lane
1), while MBP-Us3-P4-S147A was not (Fig. 2B, lane 2). That
this labeling was due to PKA was implied by the observation
that MBP-Us3-P4 was not labeled in the presence of a specific
inhibitor of PKA, 6-22 amide (Fig. 2D). Thus, MBP-Us3-P4
labeling by PKA was eliminated by phosphatase treatment
(Fig. 2F), indicating that MBP-Us3-P4 was labeled by phos-
phorylation. The presence of each MBP fusion protein and the
radiolabeled MBP-Us3-P4 band was verified by CBB staining
(Fig. 2A, C, and E). These results indicate that PKA phosphor-
ylates Ser-147 of Us3 in vitro.

The observation that Us3 and PKA phosphorylate the same
site of the target protein in our in vitro kinase assays raised the
slim possibility that contamination with insect PKA during the
purification of GST-Us3 proteins might have been responsible for
the protein kinase activity detected using purified GST-Us3. To
exclude this possibility, purified GST-Us3 was treated with the
specific PKA inhibitor 6-22 amide, followed by addition of the
substrate (MBP-Us3-P4). The results (Fig. 2H) indicate that 6-22
amide at a concentration sufficient to completely inhibit PKA

FIG. 2. (A) Purified MBP-Us3-P4 (lane 1) and MBP-Us3-P4-S147A
(lane 2) incubated in kinase buffer containing [�-32P]ATP and purified
PKA (lanes 1 and 2), separated on a denaturing gel, and stained with
CBB. (B) Autoradiograph of the gel in panel A. (C) Purified MBP-
Us3-P4 incubated in kinase buffer containing [�-32P]ATP and purified
PKA in the absence (lane 1) or in the presence (lane 2) of the PKA
inhibitor (PKI), separated on a denaturing gel, and stained with CBB.
(D) Autoradiograph of the gel in panel C. (E) Purified MBP-Us3-P4
incubated in kinase buffer containing [�-32P]ATP and purified PKA and
then either mock treated (lane 1) or treated with �-PPase (lane 2), sep-
arated on a denaturing gel, and stained with CBB. (F) Autoradiograph of
the gel in panel E. (G) Purified MBP-Us3-P4 incubated in kinase buffer
containing [�-32P]ATP and purified GST-Us3 (lanes 1 and 2) or GST-
Us3K220M (lane 3) in the absence (lanes 1 and 3) or in the presence (lane
2) of the PKA inhibitor, separated on a denaturing gel, and stained with
CBB. (H) Autoradiograph of the gel in panel G.
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FIG. 3. (A) Schematic diagram of the genome structures of wild-type virus HSV-1(F) and the location of the Us3 gene. Line 1, linear
representation of the HSV-1(F) genome. The unique sequences are represented as unique long (UL) and short (Us) domains, and the
terminal repeats flanking them are shown as open rectangles with the designation above each repeat. Line 2, structure of the genome domain
containing the Us2, Us3, and Us4 ORFs. Line 3, structure of the Us3 ORF. The shaded areas represent subdomains I to VI, which are
conserved in eukaryotic protein kinases. Line 4, the domains of the Us3 gene encoding Us3 residues 98 to 364, used in these studies to
generate GST-Us3-P1 fusion proteins which were used for generation of the rabbit polyclonal antibody to Us3. Lane 5, the domains of the
Us3 gene encoding Us3 residues 1 to 172, used in these studies to generate MBP-Us3-P4 fusion protein. Line 6, amino acid sequence of Us3
residues 135 to 160. Sites with the consensus sequence for phosphorylation by Us3 itself are underlined. Line 7, domains of the Us3 gene
encoding Us3 residues 1 to 172 carrying the S147A mutation used in these studies to generate MBP-Us3-P4-S147A fusion proteins.
(B) Purified MBP-Us3-P4 (lanes 1 and 3) and MBP-Us3-P4-S147A (lanes 2 and 4) incubated in kinase buffer containing [�-32P]ATP and
purified GST-Us3 (lanes 1 and 2) or GST-Us3K220M (lanes 3 and 4), separated on a denaturing gel, and stained with CBB. Molecular
masses are shown on the left. (C) Autoradiograph of the gel in panel B. (D) Purified MBP-Us3-P4 incubated in kinase buffer containing
[�-32P]ATP and purified GST-Us3 and 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.
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FIG. 4. (A) Schematic diagram of the predicted amino acid sequences of GST-Us3 and its mutants GST-Us3K220M and GST-Us3S147A. The
K220M and S147A mutations are also indicated. (B) A silver-stained gel (left panel) and an immunoblot (right panel) of purified GST-Us3S147
A, GST-Us3, and GST-BGLF4 from Sf9 cells infected with recombinant baculovirus Bac-GST-Us3S147A (lanes 1), Bac-GST-Us3 (lanes 2), and
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(Fig. 2D) had no effect on the activity of GST-Us3. These obser-
vations indicate that Us3 and PKA specifically phosphorylate the
same site, Ser-147, of Us3 in vitro. We note that Us3 and PKA
also phosphorylate the same sites of UL34 (Thr-195 and Ser-198)
(17, 56) in vitro (data not shown).

Ser-147 regulates Us3 enzymatic activity in vitro. To inves-
tigate the role(s) of the identified phosphorylation site of Us3
(Ser-147) for its optimal protein kinase activity in vitro, we
expressed and purified GST fused to a mutant Us3 in which
alanine is substituted for Ser-147 (GST-Us3S147A) (Fig. 4A)
in a baculovirus expression system. As shown in Fig. 4B, the
purified GST-Us3S147A contained a major purified band with
an Mr of approximately 90,000 as detected by silver staining
(left panel) and reacted with antiserum to Us3 (right panel), as
observed with purified GST-Us3. Interestingly, GST-Us3 pro-
teins in the slower-migrating band were much more abundant
than GST-Us3S147A proteins (Fig. 4C, lanes 1 and 3). That
the difference in the electrophoretic mobility between GST-
Us3 and GST-Us3S147A was due to phosphorylation was im-
plied by the observation that after phosphatase treatment,
GST-Us3 proteins migrated as fast as GST-Us3S147A proteins
in a denaturing gel (Fig. 4C, lanes 2 and 4). These results
indicate that the phosphorylation status of GST-Us3 expressed
in baculovirus is different from that of GST-Us3S147A. More-
over, the purified GST-Us3S147A proteins treated with phos-
phatase exhibited a faster electrophoretic mobility than the
untreated enzyme (Fig. 4C), indicating that sites other than
Ser-147 in Us3 are phosphorylated. Consistently, GST-Us3S
147A still autophosphorylated itself in in vitro kinase assays
(Fig. 4D and E).

Next, we tested purified GST-Us3S147A in in vitro kinase
assays using MBP-UL34 as a substrate. We had previously
reported that GST-Us3 specifically phosphorylates MBP-UL34
in vitro (17). As shown in Fig. 4F and G, however, phosphor-
ylation of MBP-UL34 in the presence of GST-Us3S147A was
barely detectable after the normal exposure time (1 h) in the in
vitro kinase assay. Nonetheless, longer exposure (24 h) re-
vealed phosphorylation of MBP-UL34 in the presence of
GST-Us3S147A but not GST-Us3K220M. Phosphorylation of
MBP-UL34 mediated by GST-Us3S147A was reduced 12.6-
fold compared to that mediated by wild-type GST-Us3 (Fig.
4G and H). The difference in kinase activity between GST-Us3
and GST-Us3S147A was confirmed by kinetic assays shown in
Fig. 4I. These results indicate that Ser-147 of Us3 has a strong
influence on the optimal kinase activity of this enzyme in vitro
but is not essential for its catalytic activity.

Generation of a recombinant virus expressing VenusA206K-
Us3S147A and the repaired virus. Next, we investigated
whether Ser-147 of Us3 is phosphorylated in HSV-1-infected
cells. To this end, we attempted to detect Ser-147 phosphory-
lation of Us3 immunoprecipitated by specific antibody from
wild-type HSV-1(F)-infected cells, using the rabbit anti-phos-
pho-PKA substrate monoclonal antibody 100G7. The latter
antibody detects proteins containing a phosphorylated serine
or threonine residue with arginine at positions �3 and �2
(RRXS or RRXT). In the Us3 polypeptide, the antibody the-
oretically recognizes only phosphorylated Ser-147. In prelimi-
nary experiments, however, we determined that phosphoryla-
tion of Us3 immunoprecipitated by rabbit polyclonal antibody
from lysates of HSV-1(F)-infected cells was difficult to detect
with the anti-phospho-PKA substrate antibody (data not
shown). Because the anti-Us3 and the anti-phospho-PKA sub-
strate antibodies were both from rabbits, the secondary anti-
body against the anti-phospho-PKA antibody in immunoblot-
ting also detected the heavy and light chains of the anti-Us3
antibodies. This resulted in such a high background in the
immunoblots that we were unable to discern phosphorylated
Us3 protein with the anti-phospho-PKA substrate antibody. To
resolve this problem, we generated a recombinant virus,
YK503, expressing VenusA206K-tagged Us3 proteins carrying
the S147A mutation, and YK505, expressing VenusA206K-
tagged Us3, in which the alanine replacement of Ser-147 in
YK503 had been repaired. Us3 proteins fused to VenusA206K
could then be immunoprecipitated with commercial anti-GFP
rat monoclonal antibody. This antibody reacts with the second-
ary antibody for the detection of the anti-phospho-PKA mono-
clonal rabbit antibody to a much lesser extent than does the
anti-Us3 polyclonal rabbit antibody. Furthermore, VenusA206
K-Us3 (92 kDa) migrated much more slowly than nontagged
Us3 (65 kDa) in denaturing gels. Accordingly, detection of
VenusA206K-Us3 with the anti-phospho-PKA substrate anti-
body was much less affected by cross-reaction of the secondary
antibody with the heavy chains of the anti-GFP antibody (50
kDa) in immunoblotting. With this system, we could now easily
detect Ser-147 phosphorylation of immunoprecipitated Venus
A206K-Us3 using the anti-phospho-PKA antibody. The strat-
egy for construction of YK503 and YK505 is summarized in
Fig. 1. The genotypes of YK502, YK503, YK504, and YK505
were confirmed by Southern blotting and sequencing (data not
shown). Expression of the predicted fusion proteins was con-
firmed by infecting Vero cells with each of the recombinant
viruses at an MOI of 3 for 18 h and then assaying the infected

Bac-GST-BGLF4 (lanes 3). Proteins were separated on a denaturing gel and subjected to silver staining (left panel) or transferred onto a
nitrocellulose membrane and reacted with antibody to Us3 (right panel). Molecular masses are shown on the left. (C) A silver-stained gel of
purified GST-Us3 and GST-Us3S147A. The purified GST-Us3 (lanes 1 and 2) and GST-Us3S147A (lanes 3 and 4) were mock treated (lanes 1 and
3) or treated with CIP (lanes 2 and 4). (D) Purified GST-Us3 (lane 1), GST-Us3K220M (lane 2), and GST-Us3S147A (lane 3) were incubated in
kinase buffer containing [�-32P]ATP, separated on a denaturing gel, and subjected to silver staining. (E) Autoradiograph of the gel in panel D. (F)
Purified MBP-UL34 was incubated in kinase buffer containing [�-32P]ATP and purified GST-Us3 (lane 1), GST-Us3K220M (lane 2), or GST-Us
3S147A (lane 3), separated on a denaturing gel, and stained with CBB. (G) Autoradiograph of the gel in panel F. An overexposed image is also
shown (lower panel). (H) Quantification of the relative amount of radioactivity in 32P-radiolabeled MBP-UL34 phosphorylated by GST-Us3 or
GST-Us3S147A. (I) Quantification of the relative amount of radioactivity in 32P-radiolabeled MBP-UL34 phosphorylated by GST-Us3 or GST-Us
3S147A in various time periods of in vitro kinase assay reactions. Experiments were carried out as described for panels F to H except that in vitro
kinase reactions were performed for various time periods as indicated.
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cells for the appropriate fusion proteins by immunoblotting
with the anti-Us3 antibody. As shown in Fig. 5A, the anti-Us3
antibody reacted with wild-type Us3 (lane 2), VenusA206K-Us
3S147A (lane 4), and VenusA206K-Us3-repair (lane 5) but not
with lysates from cells infected with the Us3 deletion mutant
virus (lane 3). The expression levels of VenusA206K-Us
3S147A mutant protein in Vero cells were similar to those of
the proteins from wild-type HSV-1(F) and the recombinant
viruses YK304 and YK503, encoding nontagged and tagged
wild-type Us3, respectively. These results indicate that neither
tagging VenusA206K with Us3 nor the S147A mutation in Us3
has any influence on the accumulation of Us3 proteins in
infected cells.

Next, Vero cells were infected with wild-type YK304, YK503
(VenusA206K-Us3S147A), or YK505 (VenusA206K-Us3-re-
pair) at an MOI of 3, and the total virus yield from the cell
culture supernatants and the infected cells was harvested at the
indicated time points (Fig. 6A). The titers of each sample were
determined by standard plaque assays on Vero cells. As shown
in Fig. 6A, the growth curve of YK503 was essentially identical
to that of YK505, indicating that Ser-147 and its phosphoryla-
tion are not critical for optimal viral replication in Vero cells.
The FP-tagged recombinant viruses (YK503 and YK505) dis-
played growth characteristics similar to those of wild-type
YK304 but produced a slightly (two- to threefold) lower prog-
eny yield than YK304 (Fig. 6A). Because the growth of the

FIG. 5. (A) Immunoblots of electrophoretically separated lysates of Vero cells mock infected (lane 1) or infected with wild-type HSV-1(F) (lane
2), R7041 (�Us3) (lane 3), YK503 (VenusA206K-Us3S147A) (lane 4), or YK505 (VenusA206K-Us3-repair) (lane 5) at an MOI of 3. The infected
Vero cells were harvested at 18 h postinfection and subjected to immunoblotting with polyclonal antibody to Us3 (upper panel) or VP22 (lower
panel). (B) Immunoblots of electrophoretically separated lysates of Vero cells mock infected (lane 1) or infected with YK304 (wild type) (lane 2),
YK510 (�Us3) (lane 3), YK511 (Us3K220M) (lane 4), or YK513 (repair) (lane 5) at an MOI of 3. The infected Vero cells were harvested at 18 h
postinfection and immunoblotted with polyclonal antibody to Us3 (upper panel) or VP22 (lower panel). (C) Immunoblots of electrophoretically
separated lysates of Vero cells mock infected (lane 1) or infected with HSV-1(F) (wild-type) (lane 2), YK304 (wild type) (lane 3), YK510 (�Us3)
(lane 4), YK515 (Us3S147A) (lane 5), or YK517 (repair) (lane 6) at an MOI of 3. The infected Vero cells were harvested at 18 h postinfection
and immunoblotted with polyclonal antibody to Us3 (upper panel) or VP22 (lower panel). (D) Immunoblot of electrophoretically separated lysates
of Vero cells infected with HSV-1(F) (wild type) (lane 1), YK304 (wild type) (lane 2), or YK515 (Us3S147A) (lane 3). The infected Vero cells
were harvested at 18 h postinfection and immunoblotted with polyclonal antibody to Us3.
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FP-tagged recombinant virus (YK505) was not appreciably
affected by fusing the Us3 protein with VenusA206K and be-
cause the other phenotypes of YK505 (VenusA206K-Us3-re-
pair) tested in the present studies were identical to those of
wild-type YK304 (Fig. 5; see Fig. 9 and 10), it is likely that
tagging VenusA206K with Us3 has little effect on the functions
of Us3 in infected cells.

Ser-147 of Us3 is phosphorylated in infected cells. To inves-
tigate whether Ser-147 of Us3 was phosphorylated in infected
cells, Vero cells were infected with YK503 expressing VenusA
206K-Us3S147A or with YK505 expressing VenusA206K-Us3-
repair at an MOI of 3, harvested at 18 h postinfection, solubi-
lized, immunoprecipitated with the anti-GFP antibody, and
finally analyzed by immunoblotting with the anti-phospho-
PKA substrate antibody or anti-Us3 antibody. As shown in Fig.
7A, the anti-phospho-PKA substrate antibody reacted with
VenusA206K-Us3-repair purified from YK505-infected Vero
cells but not with VenusA206K-Us3S147A purified from
YK503-infected Vero cells. The expression levels of total Us3
proteins in Vero cells infected with YK505 were equivalent to
those in cells infected with YK503. To confirm that the Venus
A206K-Us3-repair product detected by the anti-phospho-PKA
substrate antibody was due to phosphorylation, material puri-
fied by immunoprecipitation was treated with �-PPase. As
shown in Fig. 7B, the reactivity of VenusA206K-Us3-repair
with the anti-phospho-PKA substrate antibody was eliminated
by phosphatase treatment, indicating that the antibody did

FIG. 6. Growth curves for recombinant viruses. (A) Vero cells
were infected at an MOI of 3 with wild-type YK304 or FP-tagged
recombinant virus YK503 (VenusA206KUs3S147A) or YK505
(VenusA206KUs3-repair). (B) Vero cells were infected at an MOI
of 3 with wild-type YK304 or recombinant virus YK515 (Us3S147
A). (C) Vero cells were infected at an MOI of 0.01 with wild-type
YK304 or recombinant virus YK515 (Us3S147A). Total virus from
the cell culture supernatants and the infected cells was harvested at
the indicated times and assayed on Vero cells.

FIG. 7. (A) Immunoblots of electrophoretically separated Us3 immu-
noprecipitates from Vero cells infected with YK503 (VenusA206K-Us3S
147A) (lane 1) or YK505 (VenusA206K-Us3-repair) (lane 2) at an MOI
of 3. The infected Vero cells were harvested at 18 h postinfection and
immunoprecipitated with the anti-GFP antibody. The immunoprecipi-
tates were separated on a denaturing gel, transferred to a polyvinylidene
difluoride membrane, and analyzed by immunoblotting with anti-Us3
antibody (left panel) or anti-phospho-PKA substrate antibody (right
panel). (B) Immunoprecipitates prepared as for panel A were either mock
treated (lanes 1) or treated with �-PPase (lanes 2), separated on a dena-
turing gel, transferred to a polyvinylidene difluoride membrane, and
analyzed by immunoblotting with anti-Us3 antibody (left panel) or anti-
phospho-PKA substrate antibody (right panel).
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indeed react with phosphorylated VenusA206K-Us3-repair.
These results indicate that the anti-phospho-PKA substrate
antibody specifically recognized the phosphorylated Ser-147 of
Us3 and that this residue is phosphorylated in infected cells.

The S147A mutation in Us3 affects enzyme localization in
infected cells. An earlier publication by Ryckman and Roller
reported that in Vero cells infected with a recombinant HSV-1
encoding enzymatically inactive Us3, the mutant Us3 protein
was aberrantly localized to large, punctate structures distrib-
uted throughout the cells, indicating that the protein kinase
activity of Us3 regulates its localization (56). This observation,
together with our results that Ser-147 of Us3 is required for
optimal kinase activity of Us3 in vitro, led us to examine the
localization of the Us3S147A mutant in infected cells more
closely. However, Reynolds et al. had noted that the anti-Us3
antibody used in earlier studies had a consistent background
fluorescence in the cytoplasm of cells infected with HSV-1 Us3
null mutants in immunofluorescence assays (52), making it
difficult to draw conclusions about the exact localization of
Us3. Consistent with this, the anti-Us3 antibody generated in
the present study also showed such background fluorescence in
some cell lines infected with the Us3 deletion mutant virus
(R7041) (data not shown). Therefore, we investigated the ef-
fect of the S147A mutation in Us3 on localization of this
molecule in infected cells using recombinant viruses (YK503
and YK505) encoding FP-tagged Us3. Because Us3 was tagged
with FP in YK503 and YK505, the specific subcellular local-
ization of Us3 proteins in live infected cells could easily be
investigated without immunofluorescence assays relying on
anti-Us3 antibodies. Vero cells were mock infected or infected
with YK503 (VenusA206K-Us3S147A) or YK505 (VenusA206
K-Us3-repair) at an MOI of 10 for 12 or 18 h and then exam-
ined by confocal microscopy. As shown in Fig. 8, the VenusA
206K-Us3-repair protein was detected mainly in the cytoplasm
of YK505-infected Vero cells, and as infection progressed, it
accumulated preferentially at the juxtanuclear regions (Fig. 8b,
d, f, and h). In contrast, when Vero cells were infected with
YK503, Us3 localization differed significantly from that in
YK505-infected Vero cells. In Vero cells infected with YK503,
the VenusA206K-Us3S147A protein was aberrantly localized
to large, punctate structures in the cytoplasm, the appearance
of which was strongly reminiscent of those reported earlier by
Ryckman and Roller (56). The number of these punctate struc-
tures increased as infection progressed (Fig. 8a, c, e, and g).
These results indicate that Ser-147 of Us3 is necessary for the
correct localization of the enzyme in infected cells.

The S147A mutation in Us3 affects the ability of the protein
to induce wild-type CPEs in infected cells. It has been reported
that the CPEs of Us3 deletion mutant viruses of HSV-1 and
HSV-2 are clearly different from those of wild-type viruses (36,
38, 48), indicating that Us3 influences the morphology of in-
fected cells. To confirm this, Vero cells were infected with
wild-type HSV-1(F), R7041 (�Us3), and R7306 (repair) at an
MOI of 10 for 24 h, and then CPEs of infected cells were
observed by confocal microscopy. Consistent with the previous
reports, CPEs of R7041 (�Us3) were apparently different from
those of wild-type HSV-1(F) or R7306 (repair) (Fig. 9A). In-
fection of Vero cells with wild-type HSV-1(F) or R7306 (re-
pair) efficiently induced cell rounding, while R7041 (�Us3) did
so only partially. Next, we examined whether the ability of Us3

to induce wild-type CPEs is associated with catalytic activity of
Us3, because this issue has not been addressed. To this end, we
generated three Us3 mutant viruses, i.e., YK510 (�Us3),
YK511 (Us3K220M), and their repaired version, YK513 (Fig.
1). YK510 is a Us3 null mutant, whereas YK511 encodes the
enzymatically inactive Us3 mutant Us3K220M (17), in which
the lysine codon at position 220 is replaced by methionine. The
genotypes of YK510, YK511, and YK513 were confirmed by
Southern blotting and sequencing (data not shown). Expres-
sion of the predicted proteins was confirmed by infecting Vero
cells with each of the recombinant viruses and assaying the
infected cells for the appropriate proteins by immunoblotting
(Fig. 5B). As shown in Fig. 9B, CPEs in Vero cells infected with
YK511 (Us3K220M) were similar to those in cells infected with
YK510 (�Us3), with both viruses only partially inducing cell
rounding. In contrast, wild-type HSV-1(F), YK304, and YK513
(repair) efficiently induced cell rounding. These results indicate
that the catalytic function of the Us3 protein is necessary for
induction of wild-type CPEs in infected cells.

Next, we examined whether the S147A mutation in Us3

FIG. 8. Digital confocal microscope images showing localization of
VenusA206K-Us3S147A and VenusA206K-Us3-repair proteins in live
Vero cells infected with YK503 or YK505, respectively. Vero cells
were infected with YK503 (VenusA206K-Us3S147A) (a, c, e, and g) or
YK505 (VenusA206K-Us3-repair) (b, d, f, and h) at an MOI of 10, and
live cells were examined at 12 h (a to d) or 18 h (e to h) postinfection
by confocal microscopy.
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FIG. 9. Digital confocal microscope images of CPEs in Vero cells infected at an MOI of 10 with (A) wild-type HSV-1(F) (a), R7041 (�Us3)
(b), or R7306 (repair) (c); (B) wild-type HSV-1(F) (a), wild-type YK304 (b), YK510 (�Us3) (c), YK511 (Us3K220M) (d), or YK513 (repair) (e);
(C) YK503 (VenusA206K-Us3S147A) (a) or YK505 (VenusA206K-Us3-repair) (b); and (D) wild-type YK304 (a), YK511 (Us3K220M) (b) YK515
(Us3S147A) (c), or YK517 (repair) (d). The live cells were examined at 24 h postinfection by confocal microscopy. Differential interference
contrast (DIC) (A, B, and D) and fluorescence (C) images are shown.
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affects the ability of the protein to induce wild-type CPEs. As
shown in Fig. 9C, CPEs in Vero cells infected with YK503
(VenusA206K-Us3S147A) resembled those in cells infected
with the Us3 mutant viruses YK510 (�Us3), R7041 (�Us3),
and YK511 (Us3K220M) (Fig. 9A and B). In contrast, YK505
(VenusA206K-Us3-repair) induced cell rounding efficiently in
Vero cells, as observed with the wild-type viruses HSV-1(F)
and YK304 (Fig. 9A and B).

We also generated an additional Us3 mutant virus (YK515)
in which Ser-147 of nontagged Us3 was replaced with alanine
(Fig. 1). The repaired version was also created (YK517) (Fig.
1). The genotypes of YK515 and YK517 were confirmed by
Southern blotting and sequencing (data not shown). We then
examined the effect of the S147A mutation in nontagged Us3
on the ability of the protein to induce wild-type CPEs. As
shown in Fig. 9D, the results obtained with YK515 (Us3S147
A) and YK517 (repair) were consistent with those obtained
with FP-tagged viruses (Fig. 9C). These results indicate that
Ser-147 of Us3 is required for induction of wild-type CPEs in
infected cells. We also examined growth of YK515 in Vero
cells at an MOI of 3 or 0.01 and the level of expression of Us
3S147A protein in YK515-infected Vero cells. The results (Fig.
5C and 6B and C) confirmed the conclusions drawn using
FP-tagged recombinant viruses (YK503 and YK505), namely,
that Ser-147 and its phosphorylation are not required for either
accumulation of Us3 protein (Fig. 5A) or optimal viral repli-
cation in Vero cells (Fig. 6 A). Similar growth properties of
YK515 were observed in resting HEL cells at MOIs of 3 and
0.01, and plaques produced by both YK515 and wild-type
YK304 were of similar size in Vero and resting HEL cells (data
not shown). Furthermore, the efficiency of packaging of Us3S
147A mutant proteins into YK515 virions was similar to that of
packaging of wild-type Us3 proteins into wild-type virions
(data not shown). We note that the pattern of elecrophoretic
mobilities of the Us3S147A mutant from Vero cells infected
with YK515 could not be differentiated from that of wild-type
Us3 from cells infected with HSV-1(F) or YK304 (Fig. 5D),
unlike the case with Us3 proteins expressed in a baculovirus
expression system (Fig. 4C).

The S147A mutation in Us3 does not affect the ability of Us3
to induce posttranslational modification of UL31 and HDAC2
and to regulate localization of UL34 in infected cells. In this
part of the work, we investigated whether the S147A mutation
in Us3 affects the other reported functions of Us3. It was
demonstrated earlier that Us3 is required for induction of
posttranslational modification of UL31 and HDAC2 and for
proper localization of UL34 in infected cells (17, 45, 51). Here,
in the first series of experiments, Vero or rabbit skin cells were
mock infected or infected with wild-type HSV-1(F), wild-type
YK304, R7041 (�Us3), YK510 (�Us3), YK511 (Us3K220M),
YK513 (repair), YK503 (VenusA206K-Us3S147A), YK505
(VenusA206K-Us3-repair), or YK515 (Us3S147A) at an MOI
of 3 for 18 h and then immunoblotted with anti-UL31 or
anti-HDAC2 antibody. As shown in Fig. 10A to D, UL31 and
HDAC2 proteins in cells infected with recombinant viruses
carrying the S147A mutation in Us3 (YK503 and YK515) were
posttranslationally modified at a level similar to those in cells
infected with wild-type or recombinant viruses encoding wild-
type Us3 [HSV-1(F), YK304, YK505 or YK513]. In contrast,
such modifications of these proteins were not observed in Vero

cells infected with Us3-null virus (R7041) or a recombinant
virus expressing enzymatically inactive Us3 (YK511). These
results indicate that Ser-147 and phosphorylation of Ser-147 in
Us3 are not necessary for the protein to induce posttransla-
tional modification of UL31 and HDAC2 in infected cells. In
addition, the finding that, like the Us3-null virus, YK511 car-
rying the K220M Us3 mutation was also defective in inducing
posttranslational modification of UL31 and HDAC2 indicates
that the catalytic function of Us3 is required for the modifica-
tion of the target proteins.

In the second series of experiments, Vero cells were infected
with wild-type HSV-1(F), wild-type YK304, R7041 (�Us3),
YK511 (Us3K220M), YK503 (VenusA206K-Us3S147A),
YK505 (VenusA206K-Us3-repair), or YK515 (Us3S147A) at
an MOI of 10, fixed at 15 h postinfection, and processed for
immunofluorescence with anti-UL34 antibody. As shown in
Fig. 10E and F, the UL34 protein localized mainly at the
nuclear envelope with a uniform distribution in cells infected
with HSV-1(F) (wild type), YK304 (wild type), YK503 (Venus
A206K-Us3S147A), YK505 (VenusA206K-Us3-repair), or
YK515 (Us3S147A), while it was mislocalized to punctate
structures as reported previously (51, 56) in cells infected with
the Us3 mutant virus R7041 (�Us3) or YK511 (Us3K220M).
These results indicate that Ser-147 and phosphorylation of
Ser-147 are not required for proper localization of UL34 in
infected cells.

The S147A mutation in Us3 does not affect the total Us3
protein kinase activity in infected cells. Finally, we investigated
protein kinase activity of Us3 carrying the S147A mutation in
infected cells. Vero cells infected with wild-type YK304,
YK515 (Us3S147A), or YK511 (Us3K220M) at an MOI of 3
were harvested at 18 h postinfection, solubilized, and immu-
noprecipitated with the anti-Us3 antibody. The immunopre-
cipitates were then used in in vitro kinase assays with purified
MBP-UL34 as a substrate. To reduce the possibility that the
anti-Us3 antibody might coprecipitate a contaminating ki-
nase(s), the precipitated material containing Us3 protein ki-
nase was washed with a high-salt buffer containing 1 M NaCl
prior to the assays. As shown in Fig. 11A, MBP-UL34 was
labeled with [�-32P]ATP in the presence of Us3S147A mutant
protein immunoprecipitated from YK515-infected cells at a
level similar to that in the presence of wild-type Us3 protein
immunoprecipitated from wild-type YK304-infected cells. In
contrast, MBP-UL34 was not labeled in the presence of the
kinase-negative mutant Us3K220M protein immunoprecipi-
tated from YK511-infected cells. The labeling of Us3 proteins
was due to phosphorylation, as determined by studies showing
that it was eliminated by phosphatase treatment (Fig. 11B).
The presence of MBP-UL34 protein and the radiolabeled
MBP-UL34 band was verified by Ponceau S staining. Similar
results were also observed with the FP-tagged recombinant
viruses YK503 (VenusA206K-Us3S147A) and YK505 (Venus
A206K-Us3-repair) (data not shown). These results indicate
that the total protein kinase activity of the Us3S147A mutant
in infected cells is similar to that of wild-type Us3.

DISCUSSION

HSV-1 possesses at least three protein kinases encoded by
the UL13, Us3, and UL39 genes. The amino acid sequence of
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Us3 is conserved in the Alphaherpesvirinae subfamily, while
UL13 is conserved throughout all herpesvirus subfamilies (5,
31, 58). In Alphaherpesvirinae, only HSV-1 and HSV-2 have a
third viral protein kinase, RR1, encoded by the UL39 gene, in
addition to Us3 and UL13 (20). Thus, every herpesvirus en-

codes at least one viral protein kinase, and these have been
reported to play multiple roles in viral replication by regulation
of viral gene expression (49), apoptosis (28, 43), encapsidation
(64), nuclear egress of nucleocapsid (13, 24, 52), and replica-
tion of viral genomes (64). While downstream events of her-

FIG. 10. (A) Immunoblot of electrophoretically separated lysates from Vero cells mock infected (lane 1) or infected with wild-type HSV-
1(F) (lane 2), R7041 (�Us3) (lane 3) YK503 (VenusA206K-Us3S147A) (lane 4), or YK505 (VenusA206K-Us3-repair) (lane 5) at an MOI of 3.
Infected cells were harvested at 18 h postinfection and immunoblotted with anti-UL31 antibody. (B) Immunoblot of electrophoretically separated
lysates from Vero cells mock infected (lane 1) or infected with wild-type HSV-1(F) (lane 2), wild-type YK304 (lane 3), YK510 (�Us3) (lane 4),
YK515 (Us3S147A) (lane 5), YK511 (Us3K220M) (lane 6), or YK513 (repair) (lane 7) at an MOI of 3. Infected cells were harvested at 18 h
postinfection and immunoblotted with anti-UL31 antibody. (C) Immunoblot of electrophoretically separated lysates from Vero cells mock infected
(lane 1) or infected with wild-type HSV-1(F) (lane 2), R7041 (�Us3) (lane 3), YK503 (VenusA206K-Us3S147A) (lane 4), or YK505 (VenusA206
K-Us3-repair) (lane 5) at an MOI of 3. Infected cells were harvested at 18 h postinfection and immunoblotted with anti-HDAC2 antibody.
(D) Immunoblot of electrophoretically separated lysates from Vero cells mock infected (lane 1) or infected with wild-type HSV-1(F) (lane 2),
wild-type YK304 (lane 3), YK510 (�Us3) (lane 4), YK515 (Us3S147A) (lane 5), YK511 (Us3K220M) (lane 6), or YK513 (repair) (lane 7) at an
MOI of 3. Infected cells were harvested at 18 h postinfection and immunoblotted with anti-HDAC2. (E) Digital confocal microscope images
showing localization of UL34 in Vero cells infected with wild-type HSV-1(F) (a), R7041 (�Us3) (b), YK503 (VenusA206K-Us3S147A) (c), or
YK505 (VenusA206K-Us3-repair) (d). After 15 h, infected cells were fixed, permeabilized, and immunostained with chicken polyclonal antibody
to UL34 detected with Alexa-546 conjugated anti-chicken IgG antibody. (F) Digital confocal microscope images showing localization of UL34 in
Vero cells infected with wild-type HSV-1(F) (a), wild-type YK304 (b), YK515 (Us3S147A) (c), or YK511 (Us3K220M) (d). After 15 h, infected
cells were fixed, permeabilized, and immunostained with chicken polyclonal antibody to UL34 detected with Alexa-546 conjugated anti-chicken
IgG antibody.

VOL. 82, 2008 PHOSPHORYLATION AT Ser-147 OF HSV-1 Us3 6185



pesviral protein kinases have been extensively investigated,
there is a dearth of information on any herpesviral protein
kinases regarding how their activity is regulated. The question
we have posed in the studies reported here is whether the
activity of the Us3 protein kinase is regulated by phosphory-
lation. The salient features of these studies are as follows.

(i) Ser-147 of Us3 is phosphorylated in vitro and in infected
cells. In the studies presented here, bioinformatics analysis
predicted a putative autophosphorylation site of Us3 at codons

144 to 149 (RRRSRD), and in vitro kinase assays confirmed
that Us3 phosphorylates Ser-147 of Us3. Consistent with the
previous report that the activity of Us3 kinase functionally
overlaps that of PKA in vitro and in infected cells (1), we have
also demonstrated that PKA phosphorylated Ser-147 of Us3 in
vitro. It is known that some protein kinases are somewhat
promiscuous in vitro if allowed sufficient reaction time and
provided with enough substrate. Therefore, in vitro phosphor-
ylation, although a necessary characteristic, is not sufficient for
defining a new phosphorylation site; thus, the site identified in
vitro must be shown to be a physiological phosphorylation site
in cells in vivo. To this end, we used an anti-phospho-PKA
substrate antibody which recognizes phosphorylated Ser or Thr
residues in the context of the sequence RRXS or RRXT.
Phospho-substrate antibodies have been extremely useful for
identifying and characterizing phosphorylation sites of new
substrates over the past several years (29). In the studies pre-
sented here, we have demonstrated that the anti-phospho-
PKA substrate antibody specifically reacted with the phos-
phorylated Ser-147 of Us3 purified by immunoprecipitation
from infected cells. This indicates that Ser-147 of Us3 is phos-
phorylated in infected cells and therefore fulfills the require-
ments for a physiological phosphorylation site. At present, the
protein kinase(s) responsible for the phosphorylation of Ser-
147 of Us3 in infected cells is unknown, although in vitro assays
suggest that Us3 itself and PKA are involved. As mentioned
above, in vitro phosphorylation often does not reflect in vivo
phosphorylation, and the sequence flanking Ser-147 of Us3
also matches the consensus phosphorylation sites for other
protein kinases, including a set of protein kinases in the AGC
protein kinase family, such as protein kinase C, protein kinase
G, and p21 activation kinase 2 (23, 62). Further studies will be
needed to clarify which protein kinase(s) is responsible for the
phosphorylation of Us3 Ser-147 in infected cells.

(ii) The S147A mutation attenuated the activity of Us3 in
vitro and affected some but not all Us3 functions in infected
cells. It is well established that activity of cellular protein ki-
nases is controlled by phosphorylation of the enzymes (55).
Consistent with this, we have demonstrated that the protein
kinase activity of the GST-Us3S147A mutant generated in a
baculovirus expression system was much lower than that of
wild-type GST-Us3 in vitro (Fig. 4), indicating that optimal
activity of Us3 is regulated by Ser-147. Furthermore, we have
shown that Us3 from recombinant viruses carrying the S147A
mutation in Us3 failed to localize correctly (Fig. 8) and did not
alter the morphology of cells like the wild-type virus (Fig. 9),
two activities both requiring the catalytic activity of Us3 (Fig.
9) (56). Together with the observation that Ser-147 is the
physiological phosphorylation site of Us3, this makes it rea-
sonable to conclude that phosphorylation of Us3 Ser-147 is the
event that regulates the optimal kinase activity of this enzyme
and the manifestations of its catalytic activity in infected cells.
However, we cannot formally exclude the slim possibility that
the phenotypes observed with recombinant viruses carrying the
S147A mutation are due to steric hindrance of Us3 caused by
the amino acid replacement, rather than prevention of phos-
phorylation on Ser-147 of Us3.

(iii) HSV-1 Us3 has been reported to encode two transcrip-
tional units directing the synthesis of the Us3 and Us3.5 pro-
teins (44, 53). The Us3.5 protein is a truncated form of Us3

FIG. 11. Autoradiographic images of MBP-UL34 subjected to in
vitro kinase assay with Us3 immunoprecipitates. (A) Vero cells were
infected with wild-type YK304 (lane 1), YK515 (Us3S147A) (lane 2),
or YK511 (Us3K220M) (lane 3) at an MOI of 3, harvested at 18 h
postinfection, and immunoprecipitated with antibody to Us3. The im-
munoprecipitates were divided into two aliquots. One aliquot was
incubated in kinase buffer containing [�-32P]ATP and MBP-UL34,
separated on a denaturing gel, transferred to a nitrocellulose mem-
brane, stained with Ponceau S (upper panel), and analyzed by auto-
radiography (middle panel). The other was separated on a denaturing
gel, transferred to a nitrocellulose membrane, and subjected to immu-
noblotting with the anti-Us3 antibody (lower panel). (B) MBP-UL34
incubated with the immunoprecipitates prepared for panel A was ei-
ther mock treated (lane 1) or treated with �-PPase (lane 2), separated
on a denaturing gel, transferred to a nitrocellulose membrane, stained
with Ponceau-S (upper panel), and analyzed by autoradiography (mid-
dle panel). Immunoprecipitates prepared for panel A were also sepa-
rated on a denaturing gel, transferred to a nitrocellulose membrane,
and subjected to immunoblotting with anti-Us3 antibody (lower
panel).
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protein and is expressed in wild-type HSV-1-infected cells at a
much lower level than Us3 protein (46). Like Us3 protein
kinase, Us3.5 mediates posttranslational modification of HDAC1,
HDAC2, the PKA regulatory II subunit, and UL31, suggesting
that Us3.5 protein is a protein kinase (44). In contrast, these
proteins differ with respect to their functions in blocking ap-
optosis and in nuclear egress of progeny nucleocapsids (44).
Since the physiological phosphorylation site (Ser-147) in Us3
identified in this study is present in Us3.5 protein, it is possible
that phosphorylation of Ser-147 also controls regulatory activ-
ities of Us3.5. Further studies, such as studies of the effects of
Ser-147 mutation in Us3.5 on its protein kinase activity in vitro
and its functions in infected cells, are of interest and are under
way in this laboratory.

(iv) It appears that Ser-147 in Us3 is conserved among
HSV-1 strains, whereas the residue is not among other alpa-
herpesvirus Us3 homologues and even the HSV-2 Us3 protein
lacks a comparable serine residue (Fig. 12). This suggests that
the phosphorylation of Us3 at Ser-147 and its relevance in viral
replication are specific to HSV-1 and are not applicable to Us3
homologues of other alphaherpesviruses. However, we note
that the amino acid residue in Us3 of HSV-2 strain HG52
corresponding to HSV-1 Us3 Ser-147 is asparatic acid (Asp-
147) (Fig. 12), and Asp-147 in Us3 appears to be conserved
among HSV-2 strains because Asp-147 is also present in Us3 of
HSV-2 strain G (data not shown). It is known that acidic amino
acids such as Asp or glutamic acid sometimes mimic the neg-
ative charges exerted by phosphorylation (65). Therefore, it
would be interesting to investigate whether Asp-147 in HSV-2
Us3 plays roles in its proper localization and induction of the
wild-type morphological change in HSV-2-infected cells.

(v) The total protein kinase activity of Us3 purified by im-
munoprecipitation from cells infected with the recombinant
virus YK503 or YK515 carrying the S147A mutation in Us3
was similar to that from cells infected with recombinant viruses
expressing wild-type Us3 (YK505 and YK304). These obser-
vations appeared to contradict the result that Ser-147 is critical
for optimal protein kinase activity of Us3 in vitro. One hypoth-
esis to account for this discrepancy is that only a small fraction
of Us3 molecules are phosphorylated at Ser-147 at any one
time, and another is that phosphorylation of the majority does
take place but is transient in HSV-1-infected cells. Thus, phos-
phorylation of Us3 on Ser-147 is presumably tightly regulated
in HSV-1-infected cells and occurs transiently or only in a
limited subcellular domain(s). Therefore, the majority of Us3
in HSV-1-infected cells would be unphosphorylated on Ser-147
at any one time, resulting in little difference in the total protein
kinase activity between wild-type Us3 from cells infected with
wild-type viruses and Us3S147A mutants from cells infected
with YK503 or YK515. This hypothesis is supported by the
finding that only some of the Us3 functions examined here,

including regulation of localization of Us3 itself and the mor-
phology of infected cells, were affected by the S147A mutation,
while others, including regulation of localization of UL34 and
modification of UL31 and HDAC2, were not. Probably over-
expression of large amounts of GST-Us3 in the baculovirus
expression system in insect cells resulted in a different phos-
phorylation status of Us3 proteins than for the majority of Us3
expressed in mammalian cells infected with HSV-1. Consistent
with this possibility, the phosphorylation status of GST-Us3
expressed in the baculovirus expression system was clearly dif-
ferent from that of GST-Us3S147A (Fig. 4C), while the phos-
phorylation status of Us3 from Vero cells infected with the
wild-type viruses, detected in a denaturing gel, could not be
differentiated from that of Us3S147A in Vero cells infected
with YK515 (Fig. 5D). Thus, GST-Us3 may be efficiently phos-
phorylated at Ser-147 in insect cells infected with the recom-
binant baculovirus, resulting in significant differences in pro-
tein kinase activity between GST-Us3 and GST-Us3S147A.
Further studies, such as time-space tracking of phosphoryla-
tion of Us3 on Ser-147 in HSV-1-infected cells by using anti-
bodies that specifically recognize phosphorylated Ser-147 of
Us3 and identification of the protein kinase(s) responsible for
this phosphorylation, will be needed and are in progress in this
laboratory. Such information will provide further insights into
the important issue of how Us3 functions are regulated.
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