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Us3 is a serine-threonine protein kinase encoded by herpes simplex virus 1 (HSV-1). We have identified ULA7,
a major virion protein, as a novel physiological substrate of Us3. In vitro kinase assays and systematic analysis of
mutations at putative Us3 phosphorylation sites near the nuclear localization signal of UL47 showed that serine at
residue 77 (Ser-77) was required for Us3 phosphorylation of UL47. Replacement of UL47 Ser-77 by alanine
produced aberrant accumulation of UL47 at the nuclear rim and impaired the nuclear localization of UL47 in a
significant fraction of infected cells. The same defect in UL47 localization was produced by an amino acid
substitution in Us3 that inactivated its protein kinase activity. In contrast, a phosphomimetic mutation at UL47
Ser-77 restored wild-type nuclear localization. The UL47 S77A mutation also reduced viral replication in the mouse
cornea and the development of herpes stromal keratitis in mice. In addition, UL47 formed a stable complex with Us3
in infected cells, and nuclear localization of Us3 was significantly impaired in the absence of UL47. These results
suggested that Us3 phosphorylation of UL47 Ser-77 promoted the nuclear localization of UL47 in cell cultures and
played a critical role in viral replication and pathogenesis in vivo. Furthermore, UL47 appeared to be required for
efficient nuclear localization of Us3 in infected cells. Therefore, Us3 protein kinase and its substrate UL47 dem-
onstrated a unique regulatory feature in that they reciprocally regulated their subcellular localization in infected cells.

Us3 is a serine/threonine protein kinase encoded by herpes
simplex virus 1 (HSV-1) with an amino acid sequence that is
conserved in the subfamily Alphaherpesvirinae (11, 40, 56).
R,.X(S/T)YY is the consensus target sequence of an HSV-1
Us3 homologue encoded by pseudorabies virus (PRV), where
nis =2; X can be Arg, Ala, Val, Pro, or Ser; and Y can be any
amino acid except an acidic residue (33, 34, 55). This sequence
also appears to be the target sequence of HSV-1 Us3, based on
reports that the phosphorylation sites of HSV-1 Us3 identified
to date match the consensus target sequence (24-26, 47, 62).
The phosphorylation target site specificity of HSV-1 Us3 has
also been reported to be similar to that of protein kinase A
(PKA), a cellular cyclic AMP-dependent protein kinase (2),
and Akt (4). Some antibodies to the phosphorylated substrate
sequences of PKA can also react with Us3 phosphorylation
sites (2, 24, 25). The Us3 protein and its catalytic activity have
been suggested to play a critical role in HSV-1 replication and
pathogenicity, based on studies showing that recombinant Us3-
null mutant viruses and recombinant viruses encoding catalyt-
ically inactive Us3 have impaired growth properties in cell
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cultures and reduced virulence, pathogenicity, and replication
in mouse models (41, 44, 60, 62, 63).

In general, the activity of a protein kinase is tightly regu-
lated; e.g., by autophosphorylation, transphosphorylation by
other protein kinases, or interaction with other proteins (61).
The activated protein kinase phosphorylates a substrate(s),
and as a result, the phosphorylated substrate(s) expresses its
functions. Although it has been reported recently that the Us3
kinase activity in infected cells is, in part, regulated by auto-
phosphorylation (25, 63), it remains largely unknown how
HSV-1 Us3 kinase activity is regulated in infected cells. In
contrast, numerous studies have elucidated the potential
downstream effects of HSV-1 Us3, including blocking apopto-
sis (35, 48, 49, 50), promoting nuclear egress of progeny nu-
cleocapsids through the nuclear membrane (NM) (47, 60, 62,
72), redistributing and phosphorylating NM-associated viral
nuclear egress factors UL31 and UL34 and cellular factors
lamin A/C and emerin (26, 32, 45-47, 58, 59), mediating the
phosphorylation of histone deacetylases (HDACs) and pro-
moting gene expression by blocking histone deacetylation (53,
54), controlling infected-cell morphology (25, 49, 70), down-
regulating the expression of viral envelope glycoprotein B (gB)
on the cell surface by promoting gB endocytosis (18, 24), and
stimulating mRNA translation by mimicking Akt and activat-
ing mTORCI (4). These data suggest that Us3 is a multifunc-
tional protein that plays various roles in viral replication by
phosphorylating a number of viral and cellular substrates. In
agreement with this hypothesis, it has been reported that
HSV-1 Us3 is a promiscuous protein kinase and may phos-
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phorylate more substrates than originally predicted (46).
Therefore, there may be Us3 substrates other than those re-
ported to date, and their identification and characterization
are required in order to determine the functions of Us3 and
understand their mechanisms.

ULA47, another protein encoded by HSV-1, is a major struc-
tural protein in the virion tegument (37). HSV-1 ULA47 is
posttranslationally modified by phosphorylation in infected
cells (42), and its amino acid sequence is conserved in the
subfamily Alphaherpesvirinae (12, 16). Deletion of the UL47
gene from HSV-1, PRV, Marek’s disease virus 1, avian infec-
tious laryngotracheitis virus (ILTV), or bovine herpesvirus 1
(BHV-1) usually impairs viral replication in cell cultures (9, 16,
30, 36, 74), and UL47-null mutants of PRV, ILTV, and BHV-1
have attenuated virulence in mouse models and their natural
hosts (16, 29, 36). From these observations, UL47 proteins
have been considered to be positive regulators of alphaherpes-
virus replication and pathogenicity. Although the precise func-
tion(s) of ULA7 in viral replication and virulence remains
largely unknown at present, the mechanisms by which UL47
proteins act in infected cells have been gradually elucidated.
Early studies revealed that HSV-1 ULA47 is involved in modu-
lating the activity of tegument protein VP16, which upon
HSV-1 infection is released into the cytoplasm, is transported
into the nucleus, and transactivates the expression of a genes,
the class of HSV-1 genes expressed first in infected cells (74).
Later studies have shown that the ULA47 proteins of HSV-1 and
BHV-1 are nucleocytoplasmic shuttling proteins (6, 7, 69),
functionally similar to human immunodeficiency virus type 1
(HIV-1) Rev, HSV-1 ICP27, and influenza virus NS2 (43, 51,
52). These viral proteins also have RNA binding activity (8),
suggesting a role in RNA biogenesis in infected cells similar to
that of other virally encoded RNA binding proteins.

In the present study, we identify the UL47 protein as a novel
physiological substrate of Us3 in HSV-1-infected cells. Studies
investigating the effect(s) of Us3 phosphorylation of UL47
suggest that this phosphorylation promotes the nuclear local-
ization of ULA47 in cell cultures and plays a critical role in viral
replication and pathogenesis in vivo. In addition, we show that
ULA47 formed a stable complex with Us3 in infected cells, and
we present data suggesting that UL47 is required for the effi-
cient nuclear localization of Us3 in infected cells. Thus, it
appears that Us3 and UL47 reciprocally regulate their subcel-
lular localization in infected cells.

MATERIALS AND METHODS

Cells and viruses. Vero and rabbit skin cells have been described previously, as
has the wild-type HSV-1 strain HSV-1(F) (68). The recombinant virus YK501,
encoding Us3 fused to the fluorescent protein Venus with an A206K mutation
(VenusA206K), and the recombinant virus YK603, encoding ULA47 fused to mono-
meric red fluorescent protein 1 (mRFP1), have been described previously (19, 67).

Plasmids. To generate a fusion protein consisting of maltose binding protein
(MBP) and part of UL47, plasmid pMAL-UL47-P1 was constructed by ampli-
fying the domains encoding UL47 codons 15 to 120 from pBC1007 by PCR (28)
and cloning the DNA fragments into pMAL-c (New England BioLabs) in frame
with the MBP. To generate a fusion protein consisting of MBP fused to UL47
carrying an S77A or S88A mutation, pMAL-UL47-P1-S77A or pMAL-ULA47-
P1-S88A, respectively, was constructed as described previously (24). pRSETB-
mRFP1-Kan was generated by amplifying a fragment encoding the I-Scel site
and the kanamycin resistance gene from pEPkan-S (25), cloning it into the PstI
site of pRSETB-mRFP1 (67), and using it as a template for the two-step Red-
mediated mutagenesis procedure described below. The pBS-mCherry-UL37
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transfer plasmid, used for generating recombinant HSV-1 expressing UL37 fused
to mCherry (mCherry-UL37), was constructed as described previously (67).

Mut is of viral g in Escherichia coli and generation of recombi-
nant HSV-1. To generate YK524, encoding UL47 fused to the fluorescent pro-
tein mRFP1 (mRFP1-UL47) (Fig. 1), the two-step Red-mediated mutagenesis
procedure was carried out as described previously (25), except that the primers
listed in Table 1 and the pPRSETB-mRFP1-Kan template were used. Recombi-
nant virus YK532, encoding mRFP1-UL47 with an alanine substituted for serine
at residue Ser-77 (mRFP1-UL47S77A), and YK534, encoding mRFP1-UL47
with an aspartic acid substituted for serine at residue Ser-77 (mRFP1-
ULA47S77D) (Fig. 1), were constructed by the two-step Red-mediated mutagen-
esis procedure described previously (25), except that the primers listed in Table
1 and E. coli containing a YK524 genome were used. Recombinant virus YK533,
in which the mRFP1-UL47S77A mutation in YK532 was repaired (mRFP1-
ULA47S77A-repair) (Fig. 1), was generated with the primers listed in Table 1 as
described previously (25). Recombinant virus YK527, a Us3 kinase-dead mutant
virus in which UL47 was tagged with mRFP1 and Us3 Lys-220 was replaced with
methionine (mRFP1-UL47/Us3K220M), and YK528, in which Us3K220M in
YKS527 was repaired (Fig. 1), were generated as described above using the
primers listed in Table 1. Recombinant virus YK521, in which Us3 was tagged
with Venus fluorescent protein carrying the mutation A206K (67) and the UL47
gene was disrupted by the insertion, just downstream of the UL47 start codon, of a
foreign gene cassette carrying a stop codon (TGA), an I-Scel site, a kanamycin
resistance gene, and 60 bp of a sequence upstream of the second codon of the ULA47
gene (VenusA206K-Us3/AULA7) (Fig. 1), was generated by the Red-mediated mu-
tagenesis procedure as described previously (25), except that the primers listed in
Table 1 and E. coli containing the YK501 genome were used (19). Recombinant
viruses into which the same foreign gene cassette was inserted just downstream of
the UL41 or ULA9 start codon were not able to express ULA1 or ULA9 protein in
infected cells (M. Tanaka and Y. Kawaguchi, unpublished observations).

Recombinant virus YK522, in which the foreign gene cassette inserted into the
ULA7 locus of YK521 was excised (VenusA206K-Us3/AUL47-repair) (Fig. 1),
was generated by the Red-mediated mutagenesis procedure as described above
using the primers listed in Table 1. Recombinant virus YK523, encoding
VenusA206K-Us3 and mRFP1-UL47 (VenusA206K-Us3/mRFP1-UL47) (Fig.
1), was generated by coinfection with YK501 (VenusA206K-Us3) (19) and
YK603 (mRFP1-ULA7) (67) as described previously (67). Recombinant viruses
YK541, in which nontagged UL47 was disrupted by insertion of the foreign gene
cassette described above just downstream of the UL47 start codon (AULA47),
YK542, in which the foreign gene cassette inserted into the UL47 gene of YK541
was excised (AULA47-repair), YK543, in which the Ser-77 in nontagged UL47 was
replaced with alanine (UL47S77A), and YKS544, in which the S77A mutation in
nontagged UL47 of YK543 was repaired (UL47S77A-repair), were constructed
as described above using the primers listed in Table 1. Recombinant viruses
YK545 (AUL47/ABAC), YK546 (AULA7-repair/ABAC), YK547 (UL47S77A/
ABAC), and YK548 (ULA47S77A-repair/ABAC) (Fig. 1), in which the bacmids
were excised from YK541 (AUL47), YKS542 (AUL47-repair), YK543
(ULA47S77A), and YK544 (UL47S77A-repair), respectively, were constructed by
coinfection of Vero cells with YK541, YK542, YK543, or YK544 and recombi-
nant adenovirus AXCANCre, expressing Cre recombinase, as described previ-
ously (68). Recombinant virus YK615, encoding mCherry-UL37, was generated
as described previously (67) except that the transfer plasmid pBS-mCherry-UL37
was used.

Production and purification of MBP fusion proteins in E. coli. MBP fusion
proteins MBP-UL47-P1, MBP-UL47-P1-S77A, MBP-ULA47-P1-S88A, and MBP-
LacZ were expressed in E. coli that had been transformed with pMAL-UL47-P1,
pMAL-UL47-P1-S77A, pMAL-ULA7-P1-S88A, or pMAL-c, respectively, and
were purified as described previously (26).

In vitro kinase assays. MBP fusion proteins were captured on amylose beads
(New England BioLabs) and were used as substrates in in vitro kinase assays with
purified glutathione S-transferase-tagged Us3 (GST-Us3) and GST-Us3K220M
as described previously (26).

Antibodies. Rabbit polyclonal antibodies to Us3, UL46, and UL48 have been
described previously (25, 27, 44). A rabbit monoclonal antibody against the
phospho-PKA substrate (clone 100G7) was purchased from Cell Signaling Tech-
nology. A rabbit polyclonal antibody against RFP and a mouse monoclonal
antibody against RFP (3GS5) coupled to agarose beads were purchased from
MBL. A rabbit polyclonal antibody against DsRed was purchased from Clontech;
this antibody recognizes mRFP1 and mCherry, since these fluorescent proteins
were generated by modification of DsRed (3, 64).

Immunoblotting, immunoprecipitation, and live-cell imaging. Immunoblot-
ting, immunoprecipitation, and live-cell imaging were performed as described
previously (28, 67). The proteins in immunoblot bands were quantitated using
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FIG. 1. Schematic diagram of the genomes of wild-type YK304 and YK311 viruses and the relevant domains of the recombinant viruses used
in this study. Line 1, linear representation of the YK304 genome carrying a bacmid (BAC) in the intergenic region between UL3 and ULA4. Lines
2 and 14, domains encoding the UL46 to UL48 and Us2 to Us5 open reading frames. Lines 3 and 15, domains of the UL47 and Us3 genes. Lines
4 to 12, schematic diagrams of the recombinant viruses carrying the BAC that were used in this study. Line 13, linear representation of the genome
of YK311, in which the BAC sequence was excised from the YK304 genome. Lines 16 to 19, schematic diagrams of the recombinant viruses from

which the BAC sequence was excised that were used in this study.

the Dolphin-Doc image capture system with Dolphin-1D software (Wealtec).
For quantitation of the fluorescence intensity of VenusA206K-Us3 in live Vero
cells infected with YKS501 (VenusA206K-Us3), YK521 (VenusA206K-Us3/
AULAT7), or YK522 (VenusA206K-Us3/AUL47-repair), images of 10 cells were
randomly selected for each viral infection; three circular areas of each infected
cell were randomly selected; and the fluorescence intensity of each area was
determined using the software supplied with the LSMS5 confocal microscope
(Zeiss). The sizes of all 30 areas examined were equal.

Phosphatase treatment. MBP fusion proteins after in vitro kinase assays and
immunoprecipitates were treated with \ protein phosphatase (A-PPase) (New
England BioLabs) as described previously (26).

Animal studies. Female ICR mice were purchased from Charles River. For
ocular infection, 5-week-old female mice were infected with each HSV-1 strain as
described previously (63). The scoring scale for the severity of herpes stromal
keratitis (HSK) has been described previously (63). Viral titers in tear films were

determined as described previously (63). All animal studies were carried out with the
approval of the Ethics Committee for Animal Experimentation of the University of
Tokyo.

RESULTS

Us3-dependent phosphorylation of UL47 in infected cells.
We previously identified physiological substrates of Us3 by a
combination of bioinformatics analysis, in vitro kinase assays
using Us3 and specific substrates, and detection of phosphor-
ylation in infected cells with an anti-phospho-PKA substrate
antibody (100G7), which detects proteins containing a phos-
phorylated serine or threonine residue with an arginine at
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TABLE 1. Primer sequences used for the construction of recombinant viruses

Mutation

Sequence

mMRFP-ULAT......ccccccvvvnnn. S'-TTCTTTTTTGGGGGGTAGCGGACATCCGATAACCCGCGTCTATCGCCACCATGGCCTCCTCCGAG

GACGT-3'

5’-CGGGGGCGGGTGGATGCGCGCCTCCTGCGCCCCGCGGGTTCGCGAGCCGACAAGGCGCCGGTG

GAGTGGC-3'

ULAT-STTA. ..o 5'-TCGACGGGAAGGCCCGCGAGCCCGACGACGGCGCGCGGCGGAAGCCCCGCCCACATCCCAAGG

ATGACGACGATAAGTAG-3'

5'-GCCGGGACGCTCGGCGATGGGATGTGGGCGGGGCTTCCGCCGCGCGCCGTCGTCGGGCTCCAA

CCAATTAACCAATTCTG-3'

ULA7-S7TTA-repair .......c.ccccuune. 5'-TCGACGGGAAGGCCCGCGAGCCCGACGACGGCGCGCGTCGGAAGCCCCGCCCACATCCCAAGG

ATGACGACGATAAGTAG-3'

5'-GCCGGGACGCTCGGCGATGGGATGTGGGCGGGGCTTCCGACGCGCGCCGTCGTCGGGCTCCAA

CCAATTAACCAATTCTG-3'

ULAT7-STTD..covviiniiincnciines 5'-TCGACGGGAAGGCCCGCGAGCCCGACGACGGCGCGCGGACGAAGCCCCGCCCACATCCCAAGG

ATGACGACGATAAGTAG-3'

5'-GCCGGGACGCTCGGCGATGGGATGTGGGCGGGGCTTCGTCCGCGCGCCGTCGTCGGGCTCCAA

CCAATTAACCAATTCTG-3'

AULAT .o, 5S'-GGTCTTTTTCTTTTTTGGGGGGTAGCGGACATCCGATAACCCGCGTCTATCGCCACCATGTAAAG

GATGACGACGATAAGTAGGG-3’

5'-ATGCGCGCCTCCTGCGCCCCGCGGGTTCGCGAGCCGACATGGTGGCGATAGACGCGGGTTCAA

CCAATTAACCAATTCTGATTAG-3’

Us3-K220 M. 5'-CAGCAGCCATCCAGATTACCCCCAACGGGTAATCGTGATGGCGGGGTGGTACACGAGCACAGG

ATGACGACGATAAGTAGGG-3’

5'-GCAGTCGCGCCTCGTGGCTCGTGCTCGTGTACCACCCCGCCATCACGATTACCCGTTGGGCAACC

AATTAACCAATTCTGATTAG-3’

Us3-K220 M-repair ........cccuenee. 5'-CAGCAGCCATCCAGATTACCCCCAACGGGTAATCGTGAAGGCGGGGTGGTACACGAGCACAGG

ATGACGACGATAAGTAGGG-3’

5'-GCAGTCGCGCCTCGTGGCTCGTGCTCGTGTACCACCCCGCCTTCACGATTACCCGTTGGGCAACC

AATTAACCAATTCTGATTAG-3'

residues —2 and —3 (RRXS or RRXT) (24, 25). Based on the
consensus sequence of the Us3 phosphorylation site, we iden-
tified four putative Us3 phosphorylation sites in UL47, at
codons 10 to 14 (RRRAS), 73 to 77 (RRRAS), 85 to 88
(RRAS), and 682 to 685 (RRAT), all of which would be ex-
pected to be detected by the anti-phospho-PKA substrate
antibody (100G7) if they were phosphorylated. In order to
monitor UL47 in infected cells easily, we generated the
recombinant virus YK524, in which UL47 was tagged with
the fluorescent protein mRFP1, by the two-step Red-medi-
ated mutagenesis procedure. The growth curve of YK524
(mRFP1-ULA47) was similar to that of wild-type HSV-1(F) in
Vero cells infected at a multiplicity of infection (MOI) of 5,
but YK524 had a slightly lower (3.8-fold) progeny virus yield
than wild-type HSV-1(F) at 24 h postinfection (Fig. 2A),
suggesting that the tagging of UL47 with mRFP1 had a
slight effect on viral growth. This was consistent with our
previous observation with recombinant virus YK603, encod-
ing mRFP1-UL47, which was constructed by the homolo-
gous recombination procedure (67). To investigate the ef-
fects of Us3 protein kinase activity on UL47 in infected
cells, we also constructed YK527, a Us3 kinase-dead mutant
virus that had a K220M mutation in Us3 (25) and expressed
mRFP1-UL47 (mRFP1-UL47/Us3K220M), and YKS528, the
corresponding virus in which the Us3 K220M mutation in
YKS527 was repaired (mRFP1-UL47/Us3K220M-repair).
The growth curve of YK527 was almost identical to those of

YKS524 and YKS528 in Vero cells infected at an MOI of 5
(Fig. 2B), indicating that the kinase activity had no effect on
the growth of the virus in which UL47 was tagged with
mRFPI1.

To examine whether Us3 mediated the phosphorylation of
UL47 in infected cells, Vero cells were infected with YK524
(mRFP1-UL47), YKS527 (mRFP1-UL47/Us3K220M), or
YKS528 (mRFP1-UL47/Us3K220M-repair) at an MOI of 3,
harvested at 24 h postinfection, solubilized, immunoprecipi-
tated with the anti-RFP antibody coupled to agarose beads,
and analyzed by immunoblotting with the anti-DsRed antibody
and the anti-phospho-PKA substrate antibody (100G7). As
shown in Fig. 3A, the anti-phospho-PKA substrate antibody
reacted with mRFP1-UL47 purified from YKS524-infected
Vero cells by immunoprecipitation (Fig. 3A, lane 6). To con-
firm that the detection of mRFP1-UL47 by the anti-phospho-
PKA substrate antibody was due to phosphorylation of UL47,
mRFP1-ULA47 from YKS524-infected cells was purified by im-
munoprecipitation with an anti-RFP antibody and was treated
with N\-PPase. As shown in Fig. 3C, the reactivity of mRFP1-
ULA47 with the anti-phospho-PKA substrate antibody was elim-
inated by phosphatase treatment, indicating that the anti-phos-
pho-PKA substrate antibody had reacted with phosphorylated
mRFP1-ULA47. Furthermore, the level of phosphorylation of
mRFP1-ULA47 detected by the anti-phospho-PKA substrate
antibody in YK527 (mRFP1-UL47/Us3K220M)-infected cells
was significantly lower (Fig. 3A, lane 7, and B) than that of
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FIG. 2. Growth curves of recombinant viruses. Vero cells were
infected at an MOI of 5 with wild-type HSV-1(F) (A, D, and E),
YK524 (mRFP1-UL47) (A, B, and C), YK527 (mRFP1-UL47/
Us3K220M) (B), YKS528 (mRFP1-ULA47/Us3K220M-repair) (B),
YKS532 (mRFP1-UL47S77A) (C), YK533 (mRFP1-UL47S77A-repair)
(C), YK534 (mRFP1-UL47S77D) (C), YK547 (UL47S77A/ABAC)
(D), YK548 (UL47S77A-repair/ABAC) (D), YK545 (AUL47/ABAC)
(E), or YK546 (AULA47-repair/ABAC) (E). Total virus from the cell
culture supernatants and the infected cells was harvested at the indi-
cated times and was assayed on Vero cells.

INTERACTION BETWEEN HSV-1 Us3 AND UL47 9603

mRFP1-ULA47 in YK524 (mRFP1-UL47)- or YK528 (mRFP1-
ULA7/Us3K220M-repair)-infected cells (Fig. 3A, lanes 6 and 8,
respectively, and B). These results indicate that UL47 is phos-
phorylated in infected cells at the epitope(s) of the anti-phos-
pho-PKA substrate antibody (100G7) and that Us3 protein
kinase mediates most of this phosphorylation. We noted that
phosphorylation of mRFP1-UL47 was detected at low levels
but consistently by the anti-phospho-PKA substrate antibody
in the absence of Us3 kinase activity in infected cells (Fig. 3B),
indicating that a protein kinase(s) other than Us3 mediated
this phosphorylation in infected cells. In agreement with this
hypothesis, the phosphorylation target site specificity of HSV-1
Us3 has been reported to be similar to those of cellular protein
kinases PKA and Akt (2, 4).

Effect of Us3 protein kinase activity on the localization of
UL47 in infected cells. Three of the four putative Us3 phos-
phorylation sites (Ser-77, Ser-88, and Thr-685) in UL47
described above are located close to the protein’s nuclear
localization signal (NLS) (codons 50 to 68) and nuclear
export signal (NES) (codons 658 to 667) (8, 71). This led us
to examine whether Us3 is involved in regulation of the
subcellular localization of UL47 in infected cells. For this
purpose, Vero cells were infected with either YKS524
(mRFP1-UL47), YK527 (mRFP1-UL47/Us3K220M), or
YK528 (mRFP1-UL47/Us3K220M-repair) at an MOI of 1
for 18 h and were then examined by confocal microscopy. In
agreement with previous reports (6), mRFP1-UL47 was lo-
calized predominantly in the nuclei of cells infected with
YKS524 (Fig. 4A). In contrast, the distribution of mRFP1-
ULA47 was significantly different in approximately 45% of
200 cells infected with the Us3 kinase-dead mutant YK527,
with aberrant accumulation of mRFP1-UL47 at the nuclear
rim and impaired nuclear localization (Fig. 4A). The per-
centage of YK527-infected cells with aberrant accumulation
of mRFP1-UL47 at the nuclear rim was approximately
6-fold higher than the corresponding percentage of YK524-
infected cells (Fig. 4B). However, nuclear localization of
mRFP1-UL47 was restored in cells infected with YK528, in
which the Us3K220M mutation was repaired (Fig. 4A and
B). These results indicate that Us3 protein kinase activity is
required for proper nuclear localization of UL47 in a frac-
tion (almost half) of infected cells.

Us3 phosphorylation of the amino-terminal domain of UL47
in vitro. It has been reported that the nuclear localization of
viral and cellular proteins is controlled by phosphorylation in
or close to the NLS of the protein (21, 22). Therefore, in view
of our results described above, we hypothesized that Us3 phos-
phorylation at a site(s) close to the UL47 NLS may regulate
the nuclear localization of UL47. To test this hypothesis, we
examined whether Us3 can phosphorylate the amino-terminal
domain of UL47 containing its NLS in vitro. For this study, we
generated and purified a chimeric protein consisting of MBP
fused to a peptide encoded by UL47 codons 15 to 120 (MBP-
ULA7-P1) (Fig. 5A) and tested it as a substrate in in vitro
kinase assays with purified wild-type GST-Us3 and the kinase-
negative mutant GST-Us3K220M. As shown in Fig. 5C, MBP-
ULA7-P1 was labeled with [y-**P]JATP in kinase assays using
GST-Us3 (Fig. 5C, lane 1), while MBP-LacZ was not (Fig. 5C,
lane 3). When the kinase-negative mutant GST-Us3K220M
was used, neither MBP fusion protein was labeled (Fig. 5C,
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FIG. 3. (A) Immunoblots (IB) of electrophoretically separated
mRFP1-UL47 immunoprecipitates (IP) from Vero cells that were ei-
ther mock infected (lanes 1 and 5) or infected with YK524 (mRFP1-
ULA47) (lanes 2 and 6), YK527 (mRFP1-UL47/Us3K220M) (lanes 3
and 7), or YK528 (mRFP1-UL47/Us3K220M-repair) (lanes 4 and 8)
at an MOI of 3, harvested at 24 h postinfection, immunoprecipitated
with an anti-RFP («-RFP) antibody, and analyzed by immunoblotting
with an anti-DsRed antibody (left) or an anti-phospho-PKA substrate
antibody (100G7) (right). The position of a molecular mass marker is
given on the left. (B) Quantitation of phosphorylated mRFP1-ULA47,
determined from the anti-phospho-PKA substrate antibody (100G7)
immunoblot in panel A, relative to the amount of total mRFP1-UL47,
determined from the anti-DsRed antibody immunoblot in panel A.
The data were normalized to the relative amount in YK524-infected
cells. (C) RFP1 immunoprecipitates of YK524-infected cells prepared
as for panel A, lane 2, were either mock treated (lanes 1) or treated
with X\-PPase (lanes 2) and were then analyzed by immunoblotting with
an anti-DsRed antibody (left) or an anti-phospho-PKA substrate an-
tibody (right). A molecular mass marker is indicated on the left.
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FIG. 4. (A) Digital confocal microscope images showing the local-
ization of mRFP1-UL47 proteins in infected Vero cells. Vero cells
were infected with either YK524 (mRFP1-UL47), YK527 (mRFP1-
UL47/Us3K220M), or YK528 (mRFP1-UL47/Us3K220M-repair) at
an MOI of 1 and were examined by confocal microscopy at 18 h
postinfection. Bars, 10 pm. (B) Quantitation of infected cells exhibit-
ing aberrant accumulation of mRFP1-UL47 at the nuclear rim. In-
fected Vero cells were examined by confocal microscopy as described
for panel A, and the percentages of cells showing aberrant accumula-
tion of mRFP1-ULA47 at the nuclear rim were determined for 200-cell
samples, each infected with one of the recombinant viruses. Data are
means and standard errors from three independent experiments.
Asterisks indicate significant differences (#, P = 3.5 X 1077; %%, P =
7.8 X 107°) by a two-tailed Student ¢ test.

lanes 2 and 4). To confirm that the labeling of MBP-UL47-P1
by GST-Us3 was due to phosphorylation, the labeled MBP-
ULA47-P1 was treated with N\-PPase. As shown in Fig. 5SE, MBP-
ULA7-P1 labeling by GST-Us3 was eliminated by phosphatase
treatment, indicating that MBP-47-P1 was labeled by phos-
phorylation. The presence of each MBP fusion protein was
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FIG. 5. (A) Schematic diagram of UL47. Line 1, structure of the UL47 open reading frame. The shaded areas represent arginine-rich motifs
in the amino-terminal domain of the protein. Line 2, amino-terminal domain of UL47 containing residues 15 to 120, which was used in these studies
to generate the MBP-UL47-P1 fusion protein. Lines 3 to 5, amino acid sequences of ULA47 residues 48 to 91 in MBP-UL47-P1 and its S77A and
S88A mutants. Two sites with the consensus sequence for phosphorylation by Us3 are underlined, and the UL47 NLS is boxed. (B) Purified
MBP-UL47-P1 (lanes 1 and 2) and MBP-LacZ (lanes 3 and 4) were incubated in a kinase buffer containing [y-**P]ATP and either purified
GST-Us3 (lanes 1 and 3) or GST-Us3K220M (lanes 2 and 4) for 30 min, separated on a denaturing gel, and stained with CBB. A molecular mass
marker is indicated on the left. (C) Autoradiograph of the gel shown in panel B. (D) Purified MBP-UL47-P1 was incubated in a kinase buffer
containing [y->*P]ATP and purified GST-Us3 for 30 min and was then either mock treated (lane 1) or treated with A-PPase (lane 2), separated
on a denaturing gel, and stained with CBB. A molecular mass marker is indicated on the left. (E) Autoradiograph of the gel shown in panel D.
(F) Purified MBP-UL47-P1 (lanes 1 and 2), MBP-ULA47-P1 S77A (lanes 3 and 4), and MBP-UL47-P1 S88A (lanes 5 and 6) were incubated in a
kinase buffer containing [y-**P]ATP and either purified GST-Us3 (lanes 1, 3, and 5) or GST-Us3K220M (lanes 2, 4, and 6) for 30 min, separated
on a denaturing gel, and stained with CBB. A molecular mass marker is indicated on the left. (G) Autoradiograph of the gel shown in panel F.

verified by staining with Coomassie brilliant blue (CBB) (Fig.
5B and D). These results indicate that Us3 specifically and
directly phosphorylates the UL47 amino-terminal peptide en-
coded by codons 15 to 120 in vitro.

Identification of the amino acids in the amino-terminal do-
main of UL47 required for Us3 phosphorylation ir vitro. As
described above, the UL47 amino-terminal peptide encoded by
codons 15 to 120 contains two putative Us3 phosphorylation
sites, at codons 74 to 77 (RRAS) and 85 to 88 (RRAS), that
may be epitopes recognized by the anti-phospho-PKA sub-
strate antibody (100G7). Therefore, we substituted alanine for

the serine in each MBP-UL47-P1 phosphorylation site and
tested these mutants as substrates in in vitro Us3 kinase assays.
As shown in Fig. 5G, MBP-ULA47-P1 carrying an S77A muta-
tion was not phosphorylated by Us3, whereas MBP-UL47-P1
carrying an S88A mutation was efficiently phosphorylated by
Us3. These results indicate that Ser-77 is required for Us3
phosphorylation of the amino-terminal domain of UL47 in
vitro.

Effect of amino acid substitution of UL47 Ser-77 on the
localization of ULA7 in infected cells. To investigate the link-
age between Us3 phosphorylation in the amino-terminal do-
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main of ULA47 in vitro and the regulation of UL47 nuclear
localization in infected cells, we constructed recombinant virus
YK532 (mRFP1-UL47S77A), encoding mRFP1-UL47 in
which ULA7 Ser-77 was replaced with alanine (Fig. 1). We also
generated recombinant virus YK533 (mRFP1-UL47S77A-
repair), in which the UL47 S77A mutation in YK532 was
repaired (Fig. 1). We then examined the localization of
mRFP1-UL47 in Vero cells infected with either YKS524
(mRFP1-ULA7), YK532, or YK533 at an MOI of 1 for 18 h. As
was found with the Us3 kinase-dead virus YK527 (mRFP1-
UL47/Us3K220M) (Fig. 4), in approximately 37% of 200 cells
infected with YKS532, the intracellular distribution of mRFP1-
ULA47S77A was different from that of mRFP1-UL47 in cells
infected with YK524, with mRFP1-UL47S77A showing aber-
rant accumulation at the nuclear rim and impaired nuclear
localization (Fig. 6A). The percentage of YK532-infected
cells with aberrant accumulation of mRFP1-UL47S77A at
the nuclear rim was approximately 6-fold higher than the
percentage of YK524-infected cells with aberrant accumu-
lation of mRFP1-UL47 (Fig. 6B). However, nuclear local-
ization of mRFP1-UL47 was restored in cells infected with
YKS533, in which the S77A mutation in UL47 was repaired.
These results indicate that UL47 Ser-77 is required for
proper nuclear localization of UL47 in a significant fraction
of infected cells and that the effect of the UL47 S77A mu-
tation in impairing proper UL47 nuclear localization is sim-
ilar to that observed in cells infected with a Us3 kinase-
inactive virus.

To further investigate the hypothesis that phosphorylation
of UL47 at Ser-77, which is close to the UL47 NLS, is critical
for proper nuclear localization of UL47, we generated recom-
binant virus YK534, encoding mRFP1-UL47 in which Ser-77
was replaced with aspartic acid (mRFP1-UL47S77D), and ex-
amined the localization of mRFP1-UL47S77D in Vero cells
infected with YK534 at an MOI of 1 for 18 h. It is known that
an acidic amino acid, such as glutamic or aspartic acid, mimics
the negative charge produced by phosphorylation (18, 24, 47,
73). As shown in Fig. 6A and B, mRFP1-UL47S77D was lo-
calized predominantly in the nuclei of YK534-infected cells,
and its localization was indistinguishable from that of mRFP1-
ULA47 in YKS524-infected cells. These results indicate that a
negatively charged amino acid at UL47 residue 77, due to
either phosphorylation of Ser-77 or an S77D substitution, is
required for proper nuclear localization of UL47 in infected
cells, further supporting the hypothesis that phosphorylation of
ULA7 at Ser-77 is critical for proper nuclear localization of
ULA47 in infected cells.

Effect of the UL47 S77A or UL47-null mutation on viral
replication and pathogenesis in mice. The growth curve of
YKS532 (mRFP1-UL47S77A) was almost identical to those of
YKS24 (mRFP1-ULA47), YK533 (mRFP1-UL47S77A-repair),
and YK534 (mRFP1-UL47S77D) in Vero cells infected at an
MOI of 5 (Fig. 2C), indicating that phosphorylation of UL47 at
Ser-77 does not have a measurable effect on viral growth in
Vero cells. To investigate the clinical relevance of the phos-
phorylation of UL47 Ser-77 in HSV-1 infection, we examined
the effect of the UL47 S77A mutation in a mouse herpes
stromal keratitis (HSK) model for HSV-1 infection. In addi-
tion, we examined the effect of a UL47-null mutation in the
mouse model, since HSV-1 UL47 has not been reported to
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FIG. 6. Digital confocal microscope images showing the localization
of mRFP1-ULA7 proteins in infected Vero cells. Vero cells were infected
with either YK524 (mRFP1-ULA47), YKS532 (mRFP1-ULA7S77A),
YK533 (mRFP1-ULA7S77A-repair), or YK534 (mRFP1-ULA7S77D) at
an MOI of 1, and the cells were examined by confocal microscopy at 18 h
postinfection. Bars, 10 wm. (B) Quantitation of infected cells exhibiting
aberrant accumulation of mRFP1-ULA47 and its mutants at the nuclear
rim. Infected Vero cells were examined by confocal microscopy as de-
scribed for panel A, and the percentages of cells showing aberrant accu-
mulation of mRFP1-ULA7 at the nuclear rim were determined for 200-
cell samples, each infected with one of the recombinant viruses. Data are
means and standard errors from three independent experiments. Aster-
isks indicate significant differences (+, P = 1.8 X 10™% %, P = 3.7 X 10™%;
sk, P = 4.4 X 107°) by a two-tailed Student ¢ test.
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FIG. 7. Effects of the UL47 S77A substitution and the UL47-null
mutation on HSK and virus growth in the tear films in mice. Twenty (A
and B) or 10 (C and D) 5-week-old female ICR mice were infected with
1 X 10° PFU YK547 (UL47S77A/ABAC) or YK548 (UL47S77A-repair/
ABAC) (A and B) or with 1 X 10° PFU YK545 (AUL47/ABAC) or
YKS546 (AULA7-repair/ABAC) (C and D) per eye by corneal scarification.
(A and C) Mice were scored for HSK every other day for 14 days. Each
data point is the mean and standard error for the observations. Asterisks
indicate P values of 6.2 X 107* (A) and 3.1 X 107* (C) by a two-tailed
Student ¢ test. (B and D) Viral titers in the tear films of infected mice at
2 and 5 days postinfection were determined by standard plaque assays.
Each data point represents the titer in the tear film of one mouse. The
average titer for each group is marked by a horizontal bar and is given
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play a role in viral replication and pathogenesis in vivo. Al-
though the mRFP1 tag on UL47 had a small effect on viral
growth in cell cultures, as described above, our earlier mouse
experiments (19, 63) indicated that the mRFP1 tag might have
a more significant effect in the mouse model. Therefore, we
generated recombinant virus YKS547, in which Ser-77 in
nontagged UL47 was replaced with alanine and the bacmid
was excised from the viral genome (UL47S77A/ABAC),
YK548, in which the UL47 S77A mutation in YK547 was
repaired (ULA47S77A-repair/ABAC), YKS545, in which the
ULA47 gene was inactivated by insertion of a foreign gene
cassette and the bacmid was excised from the viral genome
(AUL47/ABAC), and YK546, in which the inactivated UL47
gene in YK545 was repaired (AUL47-repair/ABAC) (Fig. 1).
The growth curve of YK547 in Vero cells infected at an MOI
of 5 was almost identical to that of YK548 (Fig. 2D), in
agreement with the results for the mRFP1-tagged viruses
described above, including YK532 (mRFP1-UL47S77A),
YK524 (mRFP1-UL47), and YK533 (mRFP1-UL47S77A-
repair). In contrast, YK545 (AUL47/ABAC) had an 8.2-fold
lower progeny yield than YK546 (UL47S77A-repair/ABAC)
in Vero cells at 24 h after infection at an MOI of 5 (Fig. 2E).
This result is in agreement with an earlier report that a
ULA47 deletion impaired viral growth in cell cultures (74).

When these recombinant viruses were tested in the mouse
HSK model, mice infected with YK547 (UL47S77A/ABAC) or
YK545 (AULA7/ABAC) exhibited significantly less severe HSK
than mice infected with YK548 (UL47S77A-repair/ABAC) or
YKS546 (AULA47-repair/ABAC), respectively (Fig. 7A and C).
In addition, YK547 and YKS545 replicated significantly less
efficiently in the tear films of these infected mice than did
YK548 and YK546, respectively (Fig. 7B and D). These results
indicate that UL47 is required for efficient viral replication and
development of HSK in mice and that one of the sites in UL47
responsible for its function(s) in mice is the Us3 phosphoryla-
tion site at UL47 Ser-77.

Interaction of Us3 with UL47 in infected cells. Herpesvirus
protein kinases sometimes form a stable complex with their
substrates (1). Therefore, to investigate whether this occurs
with Us3 and UL47, Vero cells were either mock infected or
infected with YK524 (mRFP1-UL47) at an MOI of 3 for 24 h.
Then the whole-cell lysates of mock-infected or YK524-in-
fected Vero cells were immunoprecipitated with anti-rabbit
Us3 or a control rabbit antibody, and the immunoprecipitates
were analyzed by immunoblotting with an anti-DsRed anti-
body. As shown in Fig. 8A, the anti-Us3 antibody coprecipi-
tated mRFP1-UL47 from the lysates of YK524-infected cells
(Fig. 8A, lane 4), whereas the control antibody did not (Fig.
8A, lane 5). In a reciprocal experiment, an anti-mRFP1 anti-
body coprecipitated Us3 from the lysates of YK524-infected
cells (Fig. 8B, lane 5) but not from the lysates of cells infected
with YK615, expressing UL37 tagged with mCherry (Fig. 8B,
lane 6). These results indicate that Us3 forms a stable complex
with ULA47 in infected cells.

below the bar. Asterisks indicate significant differences by a two-tailed
Student ¢ test. (B) *, P = 2.8 X 10~ % %%, P = 2.5 X 1072 (D) *, P =
47 X 1073 #%, P = 1.7 X 1072
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FIG. 8. Interaction of Us3 with UL47. (A) Vero cells that were
either mock infected (lanes 1 and 3) or infected with YK524 (mRFP1-
ULA47) (lanes 2, 4, and 5) at an MOI of 3 for 24 h were harvested,
immunoprecipitated (IP) with anti-Us3 (a-Us3) (lanes 3 and 4) or with
normal rabbit serum (lane 5), and analyzed by immunoblotting (IB)
with an anti-DsRed antibody. One percent of the amount of Vero
whole-cell extract (WCE) used in the reaction mixture for lane 3 was
loaded in lane 1, and 1% of the WCE used for lanes 4 and 5 was loaded
in lane 2. A molecular mass marker is indicated on the left. (B) Vero
cells that were either mock infected (lanes 1 and 4) or infected with
YKS524 (lanes 2 and 5) or YK615 (mCherry-UL37) (lanes 3 and 6) at
an MOI of 3 for 24 h were harvested, immunoprecipitated with anti-
RFP, and analyzed by immunoblotting with an anti-Us3 antibody. One
percent of the amount of Vero WCE used in the reaction mixtures for
lanes 4, 5, and 6 was loaded in lanes 1, 2 and 3, respectively.

Next, to examine the subcellular localization of Us3 and
ULA47 in infected cells, we generated recombinant virus
YKS523, expressing mRFP1-UL47 and Us3 tagged with the
fluorescent protein VenusA206K (VenusA206K-Us3/mRFP1-
ULA7), and examined the localization of mRFP1-UL47 and
VenusA206K-Us3 in Vero cells infected with YK523 at an
MOI of 1 at 18 and 24 h postinfection. As shown in Fig. 9, at
18 h postinfection, VenusA206K-Us3 was localized predomi-
nantly in the cytoplasm, as reported previously (25), but was
also faintly detectable in the nucleus. At 24 h postinfection,
nuclear localization of VenusA206K-Us3 was more evident
than at 18 h postinfection. At both time points, nuclear
VenusA206K-Us3 colocalized with mRFP1-UL47, and
VenusA206K-Us3 in some cytoplasmic areas colocalized with
mRFP1-ULA47, although most of the Us3 and UL47 did not
colocalize in the cytoplasm. These results support our conclu-
sion that Us3 forms a stable complex with UL47 in infected
cells.

Effect of UL47 on the subcellular localization of Us3 in
infected cells. The results discussed above, showing that Us3
formed a stable complex with UL47 in infected cells and that
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FIG. 9. Digital confocal microscope images showing the localiza-
tion of the mRFP1-UL47 and VenusA206K-Us3 proteins in infected
Vero cells. Vero cells were infected with YK523 (VenusA206K-Us3/
mRFP1-ULA47) at an MOI of 1, and cells were examined by confocal
microscopy at 18 and 24 h postinfection (hpi). Nuclear Us3 in the
VenusA206K-Us3 and merge columns is circled. Bars, 10 pm.

Us3 colocalized with UL47, led us to examine whether UL47
regulated the localization of Us3 in infected cells. For this
purpose, we constructed recombinant virus YK521, in which
the UL47 gene was inactivated by insertion of a foreign gene
cassette and Us3 was tagged with VenusA206K (VenusA206K-
Us3/AULA7), and YKS522, in which the UL47-null mutation in
YKS521 was repaired (VenusA206K-Us3/AULA7-repair) (Fig.
1). Insertion of the foreign gene cassette into UL47 in YK521
had no effect on the expression of the UL47-neighboring genes
UL46 and ULA48, based on the observation that wild-type
HSV-1(F), YK501 (VenusA206K-Us3), YK521, and YK522
produced indistinguishable levels of UL46 and UL48 in in-
fected Vero cells, as determined by immunoblotting (Fig. 10).
However, at 24 h postinfection, in Vero cells infected at an
MOI of 5, YK521 had a progeny virus yield 15.2-fold lower
than that of YKS501 and 8.1-fold lower than that of YK522
(data not shown). These results are consistent with those for
YK545 (AUL47/ABAC) and YK546 (AUL47-repair/ABAC)
described above.

Vero cells were infected at an MOI of 1 with YK501
(VenusA206K-Us3), YK521 (VenusA206K-Us3/AULA47), or
YKS22 (VenusA206K-Us3/AUL47-repair), and the localiza-
tion of VenusA206K-Us3 was examined at 12, 18, and 24 h
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FIG. 10. Effect of the UL47-null mutation on the expression of
the neighboring UL46 and ULA48 genes. Vero cells infected with
either wild-type HSV-1(F), YK501 (VenusA206K-Us3), YKS521
(VenusA206K-Us3/AULA47), or YK522 (VenusA206K-Us3/AULA47-re-
pair) at an MOI of 1 for 24 h were harvested and were analyzed by
immunoblotting with anti-Us3 (a-Us3), anti-UL46, and anti-UL48 an-
tibodies. The positions of molecular mass markers are shown on the
left.

postinfection. In agreement with the results shown in Fig. 9,
VenusA206K-Us3 localized predominantly in the cytoplasm of
cells infected with YK501 and YK522 at 12 and 18 h postin-
fection, while nuclear localization of VenusA206K-Us3 was
evident at 24 h postinfection (Fig. 11A). In contrast, nuclear
localization of VenusA206K-Us3 was significantly impaired
in YK521-infected cells at 24 h postinfection (Fig. 11A).
Quantitation of VenusA206K-Us3 fluorescence in cells in-
fected with YK501, YKS521, or YK522 at 24 h postinfection
confirmed the significant decrease in the nuclear accumulation
of VenusA206K-Us3 in cells infected with YK521 compared to
that in cells infected with YK501 or YKS522. These results
indicate that UL47 is required for the efficient nuclear local-
ization of Us3 in infected cells.

DISCUSSION

More than 15 putative HSV-1 Us3 substrates have been
reported to date (4, 24-26, 32, 45-47, 49, 54, 57, 58). However,
only a few of these substrates have been shown both to be
physiological substrates of Us3 in infected cells and to be

INTERACTION BETWEEN HSV-1 Us3 AND UL47 9609

directly linked with Us3 functions in infected cells. These in-
clude gB, UL31, Us3 itself, and tuberous sclerosis complex 2
(TSC2) (4, 18, 24, 47, 63). It has been reported that Us3
phosphorylation of these substrates appears to regulate the
expression of gB on the cell surface (18, 24), the nuclear egress
of nucleocapsids (47, 72), the catalytic activity of Us3 (63), and
mRNA translation (4) in infected cells. Furthermore, phos-
phorylation by Us3 of both gB and Us3 itself appears to play
critical roles in viral replication in vivo and HSV-1 pathogen-
esis, based on data showing that viral replication and pathoge-
nicity in mice were attenuated in infections with recombinant
HSV-1 viruses in which the Us3 phosphorylation site in gB or
Us3 was mutated, or in infections with an HSV-1 Us3 kinase-
dead mutant virus (19, 63).

An important finding of this study is that UL47 is a physio-
logical substrate of Us3 in infected cells and that Us3 phos-
phorylation of UL47 appears to be critical for viral replication
and pathogenesis in vivo. This conclusion is based on the fol-
lowing results: (i) purified UL47 was phosphorylated by puri-
fied Us3 in vitro; (ii) detection of UL47 in infected cells with an
anti-phospho-PKA substrate antibody (100G7) was dependent
on Us3 kinase activity; and (iii) substitution of alanine for
ULA7 Ser-77, which was identified as a Us3 phosphorylation
site in in vitro kinase assays, significantly reduced viral replica-
tion and pathogenesis in a mouse HSK model. Similar reduc-
tions in viral replication and pathogenesis were reported in
studies of mice infected with a Us3 kinase-dead virus (63). Our
conclusion is also supported by the recent report that the
BHV-1 Us3 homologue phosphorylated the BHV-1 UL47 ho-
mologue in vitro, although the biological significance of the
phosphorylation remains to be addressed (31). Thus, our pres-
ent study adds UL47 to the known physiological substrates of
Us3 that are biologically relevant in HSV-1 infection. How-
ever, as is usual with such mutational analyses, we cannot
completely exclude the possibility that the UL47 S77A muta-
tion caused a conformational change in UL47 that directly
impaired ULA7 function(s) in vivo rather than that the impair-
ment resulted from blocking a site of Us3-mediated phosphor-
ylation. Therefore, further analyses of the functions of UL47
and their relation to Us3 phosphorylation of UL47 Ser-77 will
be necessary in order to define the precise role(s) of UL47
phosphorylation in viral infection and disease in vivo. However,
taking the results described above together with the data show-
ing that the UL47-null mutant virus significantly attenuated
viral replication and pathogenicity in mice, this study is the first
report demonstrating that HSV-1 ULA47 plays a critical role in
HSV-1 replication and pathogenesis in vivo. As described
above, other alphaherpesvirus homologues of UL47, including
PRV ULA47, BHV-1 UL47, and ILTV ULA47, have been re-
ported to be important for viral pathogenesis in vivo (16, 29,
36). Therefore, UL47 homologues appear to be common vir-
ulence factors in alphaherpesviruses.

The UL47 NLS has been mapped to UL47 residues 50 to 68,
which contain a cluster of arginine residues (8). The arginine-
rich nature of the UL47 NLS suggests that it is not related to
the classical monopartite and bipartite NLS sequences that
contain a lysine-rich domain but that it is a member of the class
of NLSs that contain an arginine-rich domain, as reported for
HIV-1 Rev and Tat and for human T-lymphotropic virus 1
(HTLV-1) Rex (14, 15, 38, 65, 66). In the nuclear transport of
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FIG. 11. (A) Digital confocal microscope images showing the lo-
calization of VenusA206K-Us3 proteins in infected Vero cells. Vero
cells were infected with either YK501 (VenusA206K-Us3), YK521
(VenusA206K-Us3/AULA47), or YK522 (VenusA206K-Us3/AULA47-re-
pair) at an MOI of 1, and the infected cells were examined by confocal
microscopy at 12, 18, and 24 h postinfection (hpi). Nuclear Us3 is
circled in rows 3 and 5. Bars, 10 pm. (B) Quantitation of the fluores-
cence intensity (FI) of VenusA206K-Us3 in the nuclei relative to that
in the cytoplasm of infected Vero cells at 24 h postinfection. Infected
Vero cells were examined by confocal microscopy as described for
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proteins carrying a lysine- or arginine-rich NLS, proteins are
recognized in the cytoplasm by an importin o/importin 8 het-
erodimer or importin B alone, respectively (21, 22). In either
case, importin B mediates passage through the nuclear pore
and release into the nucleus, dependent on the GTP-binding
protein Ran (21, 22). Phosphorylation of a protein near its
NLS, mediated by many different protein kinases, is a key and
common mechanism by which the transport of NLS-containing
proteins into the nucleus can be regulated (20-22). As with
other proteins carrying a phosphorylation-regulated NLS, Us3
phosphorylation of UL47 Ser-77, which is adjacent to the
ULA47 NLS, appears to promote nuclear localization of UL47
in a significant fraction of infected cells. This conclusion is
based on the following results: (i) alanine substitution of the
Us3 physiological phosphorylation site Ser-77 in UL47 induced
aberrant accumulation of UL47 at the nuclear rim and im-
paired nuclear localization of UL47 in a significant fraction of
infected cells; (ii) aberrant accumulation of ULA7 at the nu-
clear rim and impaired nuclear localization of UL47 were also
observed in a significant fraction of cells infected with a Us3
kinase-dead mutant virus; and (iii) a phosphomimetic substi-
tution at ULA47 Ser-77 (S77D), which mimicked constitutive
phosphorylation (18, 46, 47, 73), restored wild-type localization
of UL47 in infected cells. The aberrant accumulation of UL47
at the nuclear rim is assumed to reflect inhibition of UL47
passage through the nuclear pore, probably mediated by im-
portin(s), although it remains to be shown whether importin(s)
mediates the nuclear transport of UL47. It has been reported
that phosphorylation of sites adjacent to the NLS of simian
virus 40 T antigen enhanced the binding of importins to the
NLS, leading to efficient nuclear localization of the protein (17,
21). Similarly, Us3 phosphorylation of UL47 near its NLS
might enhance the affinity of an import receptor(s), such as an
importin, resulting in the promotion of nuclear transport of
ULA7 in infected cells. At present, we cannot exclude the
possibility that a protein kinase(s) other than Us3 also phos-
phorylates UL47 Ser-77 in infected cells and is involved in the
nuclear transport of UL47, based on the observations that the
phosphorylation target site specificity of HSV-1 Us3 appears to
be similar to those of cellular protein kinases PKA and Akt (2,
4) and that in the absence of Us3 kinase activity in infected
cells, low-level but consistent phosphorylation of UL47 was
detected. It is noteworthy that in this study, the S77A mutation
in ULA47 not only altered the subcellular localization of UL47
in infected cells but also reduced viral replication and patho-
genesis in a mouse HSK model, suggesting that proper nuclear
localization of UL47 in infected cells is critical for HSV-1

panel A. Images of 10 infected cells were randomly selected for each
virus infection. Three circular areas of the same size were randomly
selected in the cytoplasm and in the nucleus of each of the 10 infected
cells, and the FI of each circular area was analyzed. For each virus
infection, the relative FI was calculated as the mean FI of the 30
circular areas in the nuclei divided by the mean FI of the 30 circular
areas in the cytoplasm. The data are means and standard errors from
three independent experiments. Asterisks indicate significant differ-
ences (*#, P = 1.6 X 1078 %%, P = 3.5 X 10™°) by a two-tailed Student
t test. The mean relative FI for YK501-infected cells was normalized to
100%.
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replication and pathogenesis in vivo. Furthermore, it has been
reported that the UL47 NLS also functions as an RNA binding
domain (8). Therefore, it is of interest to investigate whether
Us3 phosphorylation of ULA47 near its NLS (Ser-77) affects the
ability of UL47 to bind RNAs in infected cells.

It was surprising that aberrant accumulation of UL47 at the
nuclear rim was observed in only a fraction (~40%) of cells
infected with the recombinant virus with a UL47 S77A muta-
tion. Interestingly, this seems to be consistent with the obser-
vation that the HSK produced by YK547 (UL47S77A) in mice
was twice as severe as that produced by YK545 (AULA47/
ABAC). At present, it is not known why the S77A mutation in
ULA7 affected ULA47 localization only in some infected cells.
However, a similar observation has recently been reported for
histone deacetylase 5 (HDACS): alanine substitutions in the
physiological phosphorylation sites within its NLS impaired
nuclear localization only in some cells (13). One possible ex-
planation of these observations may be that subcellular local-
ization of these proteins is regulated by multiple factors. In
agreement with this hypothesis, it has been reported that, when
expressed in transiently transfected cells, UL47 shuttled rap-
idly between the nucleus and cytoplasm, with an overall local-
ization in the nucleus (7, 71), suggesting that at least two
cellular functions, including those involved in nuclear import
and export, may regulate UL47 localization in transfected cells.
It has also been reported that UL47 was localized in both the
nucleus and the cytoplasm in HSV-1-infected cells, suggesting
that a viral factor(s) and/or a cellular factor(s) induced by viral
infection may play a role in keeping UL47 in the cytoplasm of
infected cells (6). In addition, in this study we have shown that
phosphorylation of UL47 Ser-77, near the UL47 NLS, by Us3
optimally regulated its localization in infected cells. It is also
possible that both Us3 and cellular protein kinases with a
phosphorylation target site specificity similar to that of Us3,
such as PKA and Akt, may phosphorylate the same multiple
sites, including Ser-77 in UL47, and the multiple phosphory-
lation events mediated by the multiple protein kinases may
regulate the subcellular localization of UL47 in infected cells.
In agreement with this hypothesis, we identified a putative Us3
phosphorylation site in UL47 at codons 682 to 686, which is
close to the UL47 NES (codons 658 to 667), as described
above. The subcellular localization of UL47 in infected cells
may be determined by the balance among these and/or a yet to
be recognized cellular and/or viral function(s). Blocking the
phosphorylation of UL47 Ser-77 may cause a subtle imbalance
among the factors that determine the localization of UL47 in
infected cells, resulting in aberrant localization of UL47 in only
a fraction of infected cells.

In the present study, we showed that the HSV-1 protein
kinase Us3 formed a stable complex with its UL47 substrate in
infected cells. It appears that the stable interaction between
Us3 and UL47 is conserved in other alphaherpesviruses, based
on the observation that the BHV-1 Us3 homologue was co-
precipitated with the transiently expressed BHV-1 UL47 ho-
mologue from BHV-1-infected cells (31). These observations
raise the possibility that UL47 affects Us3 function(s) in in-
fected cells. In agreement with this possibility, we also showed
that the absence of ULA47 in infected cells significantly im-
paired the nuclear localization of Us3. However, we should
note that most of the Us3 remained in the cytoplasm through-
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out infection regardless of the presence of UL47, indicating
that UL47 was in part required for proper nuclear localization
of Us3 in infected cells. Therefore, Us3 and UL47 exhibited a
unique feature in that they regulated each other’s subcellular
localization in infected cells. Since some functions of HSV-1
Us3, including regulation of the nuclear egress of nucleocap-
sids by phosphorylation of NM-associated viral and cellular
proteins, are carried out in the nuclei of infected cells, Us3
needs to localize in the nuclei of infected cells. It has been
reported recently that the kinase activity of HSV-2 Us3 is
required for efficient nuclear localization of the protein when
expressed in transiently transfected cells (10). This observation
is consistent with earlier reports showing that the kinase activ-
ity of HSV-1 Us3 is required for proper localization of Us3 in
infected cells (25, 62). However, it remains to be elucidated
whether HSV-1 Us3 kinase activity is in fact involved in the
regulation of its nuclear localization in infected cells, since it
has been reported that the roles of HSV-2 Us3 kinase activity
in infected cells are remarkably different from those of HSV-1
Us3 (44). Therefore, there is a lack of information on how the
nuclear localization of HSV-1 Us3 is regulated in infected
cells. In the present study, we have identified ULA47 as a factor
in the regulation of the proper nuclear localization of Us3 in
infected cells. It has been reported that HSV-1 ICP27 associ-
ated with, and translocated to the nuclei of HSV-1-infected
cells, the major form of polyadenylate-binding protein
(PABP), PABPC1, which localizes predominantly in the cyto-
plasm of uninfected cells and plays central roles in posttran-
scriptional gene regulation via modulation of translation initi-
ation and mRNA metabolism (5, 23, 39). Similarly, UL47
might associate with Us3 in the cytoplasm of infected cells and
might take the viral protein kinase to the nucleus with it. As
reported previously (41, 44, 63), HSV-1 Us3 plays critical roles
in viral replication and pathogenesis in mice. Therefore, the
involvement of UL47 in the proper nuclear localization of Us3
in cultured cells may in part account for reduced viral replica-
tion and pathogenesis in mice infected with the UL47-null
mutant virus.
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