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ABSTRACT

The herpes simplex virus 1 (HSV-1) Us8A gene overlaps the gene that encodes glycoprotein E (gE). Previous studies have investi-
gated the roles of Us8A in HSV-1 infection using null mutations in Us8A and gF; therefore, the role of Us8A remains to be eluci-
dated. In this study, we investigated the function of Us8A and its phosphorylation at serine 61 (Ser-61), which we recently identi-
fied as a phosphorylation site by mass spectrometry-based phosphoproteomic analysis of HSV-1-infected cells, in HSV-1
pathogenesis. We observed that (i) the phosphorylation of Us8A Ser-61 in infected cells was dependent on the activity of the vi-
rus-encoded Us3 protein kinase; (ii) the Us8A null mutant virus exhibited a 10-fold increase in the 50% lethal dose for virulence
in the central nervous system (CNS) of mice following intracranial infection compared with a repaired virus; (iii) replacement of
Ser-61 with alanine (S61A) in Us8A had little effect on virulence in the CNS of mice following intracranial infection, whereas it
significantly reduced the mortality of mice following ocular infection to levels similar to the Us8A null mutant virus; (iv) the
Us8A S61A mutation also significantly reduced viral yields in mice following ocular infection, mainly in the trigeminal ganglia
and brains; and (v) a phosphomimetic mutation at Us8A Ser-61 restored wild-type viral yields and virulence. Collectively, these
results indicate that Us8A is a novel HSV-1 virulence factor and suggest that the Us3-mediated phosphorylation of Us8A Ser-61
regulates Us8A function for viral invasion into the CNS from peripheral sites.

IMPORTANCE

The DNA genomes of viruses within the subfamily Alphaherpesvirinae are divided into unique long (UL) and unique short (Us)
regions. Us regions contain alphaherpesvirus-specific genes. Recently, high-throughput sequencing of ocular isolates of HSV-1
showed that Us8A was the most highly conserved of 13 herpes simplex virus 1 (HSV-1) genes mapped to the Us region, suggest-
ing Us8A may have an important role in the HSV-1 life cycle. However, the specific role of Us8A in HSV-1 infection remains to be
elucidated. Here, we show that Us8A is a virulence factor for HSV-1 infection in mice, and the function of Us8A for viral invasion
into the central nervous system from peripheral sites is regulated by Us3-mediated phosphorylation of the protein at Ser-61.
This is the first study to report the significance of Us8A and its regulation in HSV-1 infection.

NI ammalian herpesviruses belong to the family Herpesviridae
and are classified into three subfamilies: Alphaherpesvirinae,
Betaherpesvirinae, and Gammaherpesvirinae (1). The DNA ge-
nomes of viruses within the Alphaherpesvirinae are divided into
unique long (UL) and unique short (Us) regions, each of which is
flanked by long inverted repeats (1). Although many of the genes
within the UL regions are conserved throughout the virus family,
the Us regions contain alphaherpesvirus-specific genes that lack
detectable homologues in other subfamilies (1). Moreover, the
gene content of the Us region varies considerably even between
different alphaherpesviruses, the best characterized of which is
the alphaherpesvirus Us region from herpes simplex virus 1
(HSV-1) (1).

Of the 13 HSV-1 genes that map to the Us region by DNA
sequence analyses combined with transcriptional studies, all but
one gene, encoding glycoprotein D (gD), have been reported to be
dispensable for viral replication in cell culture (2-10). It is as-
sumed that the nonessential proteins encoded by these genes en-
able the virus to evade host immunity or to replicate in a variety of
cells under different conditions, and consequently, the virus can
replicate, spread, and survive in vivo (1, 11). In support of this
hypothesis, it has been reported that ICP47, Us3 protein kinase, or
glycoprotein J (gJ) can regulate cytotoxic T lymphocyte (CTL)-
induced cytotoxicity (12-16), and heterodimeric glycoproteins,
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glycoprotein E and glycoprotein I (gE/gl), are involved in species-
specific binding of immunoglobulin G as Fc receptors (17-20).
Furthermore, recombinant viruses lacking ICP22 or Us3 show
significantly impaired cell-type-dependent viral replication in cell
culture, as well as reduced virulence in mouse models, establish-
ment of latency, and reactivation from latency (21-26).

Ilumina high-throughput sequencing analysis of seven ocular
isolates of HSV-1 demonstrated that the Us8A gene, the subject of
this study, was the most highly conserved among the 13 HSV-1
genes that mapped to the Us region (27), suggesting it might have
important roles in HSV-1 replication and/or pathogenesis in vivo.
In agreement with this hypothesis, the 50% lethal dose (LDs,) in
mice following intracranial infection with recombinant HSV-1
containing a deletion spanning the Us8 gene encoding gE and part
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TABLE 1 Oligonucleotide sequences for the construction of plasmids and recombinant viruses

Plasmid or recombinant

virus Sequence (5'-3")

pBS-CREin-Kan

GCGGATCCGAAAAGAAAACGTTGATAGGATGACGACGATAAGTAGGG

GCGGATCCGCCGCATAACCAGTGAACAACCAATTAACCAATTCTGATTAG

pYEbac5002 (ABAC)

TAGTGAACCGTCAGATCCGCTAGCGCTACCGGTCGCCACCATGCCCAAGAAGAAGAGGAAGGTGTCCA

GTAAAACCTCTACAAATGTGGTATGGCTGATTATGATCAGCTAATCGCCATCTTCCAGCA

YK5003 (AUs8A)

GGCTGGCCCCCCCGGAGAGACCCGACTCTCCCTCCACCAACGGATCCGGCTTTGAGATCTTATCACCAACGGCTCCGTCTGTATAC

CCCCGTAGCGACGGGATGACGACGATAAGTAGGG
CGGATCCAAAGGTTGTGAGCTGGCGGCGAGATTGATGCCCGTCGCTACGGGGGTATACAGACGGAGCCGTTGGTGATAAGATCTC
AAAGCCGGATCCGCAACCAATTAACCAATTCTGATTAG

YK5004 (AUs8A-repair)

GGCTGGCCCCCCCGGAGAGACCCGACTCTCCCTCCACCAATGGATCCGGCTTTGAGATCTTATCACCAACGGCTCCGTCTGTATAC

CCCCGTAGCGATGGGATGACGACGATAAGTAGGG
CGGATCCAAAGGTTGTGAGCTGGCGGCGAGATTGATGCCCATCGCTACGGGGGTATACAGACGGAGCCGTTGGTGATAAGATCTC
AAAGCCGGATCCACAACCAATTAACCAATTCTGATTAG

YK5005 (Us8A-S61A)

GTCTTCTGGTAAGGCGCCCCATCCCGAGGCCCCACGTCGGGCGCCGAACTGGGCGACCGCAGGATGACGACGATAAGTAGGG

CGTCTCCGACGTCCACCTCGCCGGCGGTCGCCCAGTTCGGCGCCCGACGTGGGGCCTCGGCAACCAATTAACCAATTCTGATTAG

YK5006 (Us8A-SA-repair)
and YK5008
(Us8A-SE-repair)

GTCTTCTGGTAAGGCGCCCCATCCCGAGGCCCCACGTCGGTCGCCGAACTGGGCGACCGCAGGATGACGACGATAAGTAGGG

CGTCTCCGACGTCCACCTCGCCGGCGGTCGCCCAGTTCGGCGACCGACGTGGGGCCTCGGCAACCAATTAACCAATTCTGATTAG

YK5007 (Us8A-S61E)

GTCTTCTGGTAAGGCGCCCCATCCCGAGGCCCCACGTCGGGAGCCGAACTGGGCGACCGCAGGATGACGACGATAAGTAGGG

CGTCTCCGACGTCCACCTCGCCGGCGGTCGCCCAGTTCGGCTCCCGACGTGGGGCCTCGGCAACCAATTAACCAATTCTGATTAG

of the Us8A gene was nearly 100-fold higher than that of the par-
ent HSV-1 (23). However, the specific role of Us8A in HSV-1
pathogenesis remains largely unclear because the Us8A gene over-
laps the Us8 gene and the construction of a recombinant HSV-1in
which only the Us8A gene has been deleted has not been reported.

The Us8A gene is predicted to encode a type II membrane
protein, and its product was reported to be phosphorylated in
HSV-1-infected cells (28, 29). Recently, we reported two large-
scale phosphoproteomic analyses of HSV-1-infected human car-
cinoma HEp-2 cells and human neuroblastoma SK-N-SH cells
(30, 31). Both studies identified the serine at position 61 (Ser-61)
in Us8A as a physiological phosphorylation site in HSV-1-infected
cells. However, there is a lack of information on the biological
significance of Us8A Ser-61 phosphorylation for viral replication
and/or pathogenesis. In this study, we investigated the specific
effects of Us8A and Ser-61 phosphorylation on HSV-1 infection,
especially HSV-1 replication and pathogenesis in vivo.

MATERIALS AND METHODS

Cells and viruses. Simian kidney epithelial Vero cells and rabbit skin cells,
aswell as the HSV-1 wild-type strain HSV-1(F), were described previously
(32, 33). Recombinant virus YK511, encoding an enzymatically inactive
Us3 mutant in which lysine at Us3 residue 220 was replaced with methi-
onine (Us3K220M), and recombinant virus YK513, in which the
Us3K220M mutation in YK511 was repaired (Us3K220M-repair), were
described previously (34).

Plasmids. pPGEM-1NC-EGFP/BAC, used to generate recombinant vi-
ruses in the two-step Red-mediated mutagenesis procedures described
below, was constructed as follows. pBS-1C was constructed by amplifying
a 1-kb sequence containing UL51, its upstream region, and part of UL52
from the HSV-1(F) genome by PCR and was then cloned into the Notl
and Sall sites of pBluescript II KS(+) (Stratagene). pBS-1NC was con-
structed by amplifying a 1-kb sequence containing genes within UL50 and
its downstream region from the HSV-1(F) genome by PCR and cloned
into the EcoRI and NotI sites of pBS-1C. A Notl fragment of pBS246-
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GFP-BAC containing the bacterial artificial chromosome (BAC) sequence
and an enhanced green fluorescent protein (EGFP) expression cassette
flanked by loxP sites (25) was cloned into a Notl site of pBS-INC to
construct pBS-1NC-EGFP/BAC.

pBS-CREin-Kan, used to generate recombinant viruses in the two-
step Red-mediated mutagenesis procedures described below, was con-
structed as follows. pBS-CREin was constructed by amplifying the Cre-
encoding gene, containing a synthetic intron that prevented expression of
the functional protein in Escherichia coli, by PCR from pCREin (35) (a gift
from G. A. Smith, Northwestern University Feinberg School of Medicine,
Chicago, IL, USA) and cloned into the EcoRI and Spel sites of pBluescript
II KS(+) (Stratagene). pBS-CREin-Kan was constructed by amplifying
the pEPkan-S domain (36, 37), encoding the I-Scel site, and a kanamycin
resistance gene by PCR from pEPkan-S using the primers shown in Table
1 and cloned into the BamHI site of pBS-CREin.

PMAL-Us8A-P3 and pMAL-Us8A-P4, used to generate a fusion pro-
tein of maltose binding protein (MBP) and a domain of Us8A, were con-
structed by cloning the domains of Us8A encoded by Us8A codons 20 to
94 and 20 to 71, respectively, amplified by PCR from pYEbac102 (32), into
pPMAL-c (New England BioLabs) in frame with the MBP.

Construction of recombinant virus YK5000. To construct recombi-
nant virus YK5000, in which the BAC sequence and EGFP expression
cassette, flanked by loxP sites, were inserted into the intergenic region
between the HSV-1 UL50 and UL51 genes (Fig. 1), rabbit skin cells were
cotransfected with pBS-1NC-EGFP/BAC and HSV-1(F) viral DNA using
the calcium phosphate precipitation technique as described previously
(32). At 3 days posttransfection, the transfected cells were harvested,
freeze-thawed, and sonicated. The cell lysates were diluted and inoculated
onto Vero cells, and plaques were screened for fluorescence with an in-
verted fluorescence microscope (Olympus IX71) (38). Recombinant vi-
ruses were plaque purified three times on Vero cells as described previ-
ously (32, 38).

Construction of an E. coli strain harboring HSV-1(F) BAC. YK5000
circular viral DNA was isolated from infected Vero cells by the Hirt
method, as described previously (32). The resulting circular viral DNA
was electroporated into E. coli DH10B (Invitrogen), and the transformed
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FIG 1 Strategy to construct a self-excisable HSV-1(F) BAC clone. Shown is a
schematic diagram of the genome structure of HSV-1(F), the intergenic re-
gions of recombinant viruses with or without the BAC sequence and the EGFP
expression cassette insertions, and E. coli containing HSV-1(F) BAC. Line 1,
wild-type HSV-1(F) genome; line 2, intergenic region between HSV-1(F)
UL50 and UL51 genes; lines 3 and 7, schematic diagrams of recombinant
viruses YK5000 and YK5002, respectively; lines 4 and 5, schematic diagrams of
E. coli plasmid pYEbac5001 contained in DH10B and GS1783, respectively;
line 6, schematic diagram of E. coli plasmid pYEbac5002 contained in GS1783.

bacteria were grown on LB agar plates containing 12.5 pg of chloram-
phenicol/ml as described previously (32). Chloramphenicol-resistant col-
onies were screened by PCR with appropriate primers, which led to the
identification of E. coli YEbac5001, an E. coli DH10B strain harboring the
HSV-1 BAC plasmid (pYEbac5001) (Fig. 1).

Construction of a self-excisable HSV-1(F) BAC. For the two-step
Red-mediated mutagenesis procedures described below, pYEbac5001 was
isolated by alkaline lysis and further purified by centrifugation in cesium
chloride gradients as previously described (32). The isolated pYEbac5001
was electroporated into E. coli strain GS1783 (36, 37), and the transformed
bacteria were grown on LB agar plates containing 12.5 pg of chloram-
phenicol/ml as described previously (32). To construct E. coli strain
GS1783 harboring a self-excisable HSV-1 BAC plasmid (pYEbac5002)
(Fig. 1), the EGFP sequence of pYEbac5001 was replaced with the Cre-
encoding gene (35) by the two-step Red-mediated mutagenesis procedure
using E. coli strain GS1783 containing pYEbac5001 as described previ-
ously (34, 36, 37), except using the primers listed in Table 1 and pBS-
CREin-KanS.

Recombinant viruses YK5003 (AUs8A), encoding Us8A with threo-
nine substituted for methionine-1 and methionine-20 (M1T/M20T) (Fig.
2); YK5005 (Us8A-S61A), encoding Us8A with alanine substituted for
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FIG 2 Schematic diagrams of the genome structures of HSV-1(F) and recom-
binant viruses used in this study. Line 1, wild-type HSV-1(F) genome; line 2,
domain carrying the Us8 (gE), Us8A, and Us9 open reading frames; lines 3 to
8, recombinant viruses with mutations in the Us8A gene; lines 9 and 10, re-
combinant viruses with a mutation in the Us3 gene.

serine at residue Ser-61 (Fig. 2); and YK5007, (Us8A-S61E) encoding
Us8A with glutamic acid substituted for serine at residue Ser-61 (Fig. 2),
were generated by the two-step Red-mediated mutagenesis procedure us-
ing E. coli strain GS1783 containing pYEbac5002 as described previously
(34, 36, 37), except using the primers listed in Table 1. Recombinant
viruses YK5004 (AUs8A-repair), YK5006 (Us8A-SA-repair), and YK5008
(Us8A-SE-repair), in which the Us8A-MI1T/M20T, Us8A-S61A, and
UsA8-S61E mutations in YK5003, YK5005, and YK5007, respectively (Fig.
2), were repaired, were generated as described previously (34, 36, 37),
except using the primers listed in Table 1.

Phosphatase treatment. Lysates of Vero cells that were mock infected
or infected with wild-type HSV-1(F) at a multiplicity of infection (MOI)
of 10 for 18 h were treated with alkaline phosphatase (CIP) (New England
BioLabs) as described previously (39, 40).

Production and purification of MBP in E. coli. MBP fusion proteins
MBP-Us8A-P3, MBP-Us8A-P4, MBP-UL34, and MBP-Us9 were ex-
pressed in E. coli that had been transformed with pMAL-Us8A-P3, pMAL-
Us8A-P4, pMAL-UL34 (39), and pMAL-Us9 (39), respectively, and pu-
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rified using amylose resin (New England BioLabs) as described previously
(41).

Purification of GST fusion proteins from baculovirus-infected cells.
Glutathione S-transferase (GST)-Us3 and GST-Us3K220M proteins were
purified using glutathione-Sepharose resin (GE Healthcare Life Sciences)
from the lysates of Sf9 cells infected with Bac-GST-Us3 and Bac-GST-
Us3K220M, respectively, as described previously (39).

Invitro kinase assays. MBP fusion proteins were captured on amylose
beads (New England BioLabs) and used as substrates for in vitro kinase
assays with purified GST-Us3 and GST-Us3K220M as described previ-
ously (31, 34, 39, 42, 43).

Antibodies. To generate mouse polyclonal antibodies to HSV-1 Us8A,
BALB/c mice were immunized once with purified MBP-Us8A-P3 with
TiterMax Gold (TiterMax USA, Inc.). Sera from immunized mice were
used as a source of anti-Us8A mouse polyclonal antibodies. To generate
rabbit polyclonal antibodies to HSV-1 Us9, rabbits were immunized with
purified MBP-Us9, following the standard protocol at MBL (Nagoya, Ja-
pan). Rabbit polyclonal antibodies to UL34 were described previously (40,
44). Mouse monoclonal antibodies to ICP27 (8.F.1378), gE (9H3), and
glycoprotein B (gB) (H1817) were purchased from Virusys. Mouse mono-
clonal antibodies to ICP0 (5H7), ICP8 (10A3), and B-actin (AC15) were
purchased from Santa Cruz Biotechnology, Millipore, and Sigma, respec-
tively. Goat polyclonal antibodies to HSV-1 thymidine kinase (vIK) (vL-
20) were purchased from Santa Cruz Biotechnology.

Immunoblotting. Immunoblotting was performed as described pre-
viously (45). The amount of protein present in immunoblot bands was
quantified using the ImageQuant LAS 4000 system with ImageQuant
TL7.0 analysis software (GE Healthcare Life Sciences).

Animal studies. Female ICR mice were purchased from Charles River.
For intracranial infection, 3-week-old mice were infected intracranially
with 10-fold serial dilutions of the indicated viruses as described previ-
ously (25, 32). The mice were monitored daily, and mortality from 1 to 14
days postinfection was attributed to the infected virus. The LD, values
were calculated by the Behrens-Karber method (32). For ocular infection,
5-week-old mice were infected with 1 X 10> PFU/eye of each of the indi-
cated viruses as described previously (21, 24). The scoring scale for the
severity of herpes stromal keratitis (HSK) was described previously (21,
24). Infected mice were euthanized at the indicated time points after in-
fection, and eyes, trigeminal ganglia, and/or brains were removed, soni-
cated in 0.5 ml medium 199 (Sigma) containing 1% fetal calf serum and
antibiotics, and frozen at —80°C as described previously (26). The frozen
samples were later thawed and centrifuged, after which viral titers in the
supernatants were determined by standard plaque assays on Vero cells. All
animal experiments were carried out in accordance with the Guidelines
for Proper Conduct of Animal Experiments, Science Council of Japan.
The protocol was approved by the Institutional Animal Care and Use
Committee (IACUC) of the Institute of Medical Science, University of
Tokyo (IACUC protocol approval number 19-26).

Statistical analysis. Differences in the relative amounts of phosphor-
ylated Us8A were statistically analyzed using analysis of variance
(ANOVA) and Tukey’s test. Differences in viral yields and HSK scores
were statistically analyzed using a two-tailed Student ¢ test. Differences in
mortality of infected mice were statistically analyzed by the log rank test. A
P value of <0.05 was considered statistically significant.

RESULTS

Construction and characterization of recombinant viruses. To
examine the effects of Us8A and its phosphorylation at Ser-61, we
constructed a series of Us8A mutant viruses (shown in Fig. 2)
using a self-excisable HSV-1(F) BAC clone generated in this study.
The HSV-1(F) BAC clone, designated pYEbac5002, harbors the
BAC sequences and expression cassette for a gene encoding Cre
flanked by loxP sites, which were inserted into the intergenic re-
gion between HSV-1 UL50 and UL51 (Fig. 1). Recombinant vi-
ruses reconstituted from pYEbac5002 and its derivatives were ex-
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pected to excise the BAC sequences through the functional Cre
enzyme in infected cells as described previously (35). This newly
generated HSV-1(F) BAC (pYEbac5002) was characterized as fol-
lows. (i) The pattern of BamHI digestion of the viral DNA of
YK5002 (ABAC) reconstituted from pYEbac5002 was similar to
that of wild-type HSV-1(F) viral DNA; however, the BamHI-di-
gested YK5002 (ABAC) viral DNA had a 5.3-kbp fragment (Fig.
3A, fragment a) and was missing a 5.2-kbp fragment (Fig. 3A,
fragment b), caused by the loxP insertion, compared to BamHI-
digested HSV-1(F) DNA (Fig. 1). Furthermore, sequence analysis
of the intergenic region between the YK5002 (ABAC) UL50 and
UL51 genes showed that the expected Cre-mediated excision had
occurred and only one loxP site remained in the region (data not
shown). (ii) The maintenance of OriL and OriS in YK5002
(ABAC) was confirmed by a method described previously (32)
(Fig. 3B), because the HSV-1 Ori sequences were reported to be
unstable in bacteria (46). (iii) Expression levels of ICP0, ICP27,
ICP8, vTK, gB, and UL34 from Vero cells infected at an MOI of 10
with YK5002 (ABAC) at 18 h postinfection were similar to those of
wild-type HSV-1 (F) (Fig. 3C). (iv) The growth curves for YK5002
(ABAC) were similar to those of wild-type HSV-1(F) in Vero cells
infected at MOIs of 10 and 0.01 (Fig. 3D and E). (v) The LD,
value of YK5002 (ABAC) for intracranial infection in mice was
similar to that of wild-type HSV-1(F) (Table 2). These results
indicate that, for the properties examined in these studies, the
YK5002 (ABAC) virus reconstituted from pYEbac5002 retained
the wild-type expression level of viral proteins and replication
kinetics in cell culture and maintained a wild-type HSV-1(F) level
of virulence in mice following intracranial infection.

Using pYEbac5002, we constructed a Us8A null mutant
YK5003 (AUs8A) virus in which the initiation methionine codon
of Us8A (Met-1) and the second methionine (Met-20) were re-
placed with threonines (M1T/M20T); a recombinant YK5005
(Us8A-S61A) virus encoding a mutant Us8A in which Ser-61 was
replaced with alanine; and their repaired viruses, YK5004
(AUs8A-repair) and YK5006 (Us8A-SA-repair), respectively (Fig.
2). These recombinant viruses were characterized as follows: (i)
Vero cells infected with wild-type HSV-1(F), YK5005 (Us8A-
S61A),YK5004 (AUs8A-repair), or YK5006 (Us8A-SA-repair) ex-
pressed Us8A, whereas those infected with YK5003 (AUs8A) did
not (Fig. 4A and D), indicating that the M1T/M20T mutation in
Us8A inactivated expression of the Us8A gene; (ii) the null muta-
tion in Us8A had no effect on the expression of the overlapping
and/or neighboring Us8 (gE) and Us9 genes (Fig. 4B), indicating
that the silent mutations in the wobble base of Us8(gE) for an
asparagine at position 503 and an aspartic acid at position 522,
caused by the M1T/M20T mutation in Us8A, had no effect on the
expression of the Us8 (gE) and Us9 genes; and (iii) the growth
curves of recombinant viruses YK5003 (AUs8A) and YK5005
(Us8A-S61A) were similar to those of the repaired viruses
[YK5004 (AUs8A-repair) and YK5006 (Us8A-SA-repair)] and
wild-type HSV-1(F) in Vero cells infected at MOIs of 10 and 0.01
(Fig. 5). These results were in agreement with a previous report
that the double-null mutation of gE and Us8A had no effect on
viral replication in Vero cells (23).

Phosphorylation of Us8A at Ser-61 in HSV-1-infected cells.
Notably, Us8A proteins from Vero cells infected with wild-type
HSV-1(F), YK5004 (AUs8A-repair), and YK5005 (Us8A-SA-re-
pair) were detected as two bands with mobility differences in de-
naturing gels (Fig. 4A, top, lanes 2 and 4, and D, top, lanes 2 and
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FIG 3 Viral genomes, expression of viral proteins, and growth curves from cells
infected with HSV-1(F) and YK5002 (ABAC). (A) Agarose gel electrophoresis of
BamHI-digested viral DNAs of HSV-1(F) (lane 1) and recombinant virus YK5002
(ABAC) (lane 2). Fragment a (5.3 kb) and fragment b (5.2 kb) were detected in the
YK5002 and HSV-1(F) genomes, respectively, as a result of insertion of the loxP
sequence. (B) Agarose gel electrophoresis of PCR products containing OriS (top)
and OriL (bottom) of wild-type HSV-1(F) (lanes 1) and YK5002 (ABAC) (lanes
2). (C) Vero cells were mock infected (lanes 1) or infected with wild-type HSV-
1(F) (lanes 2) or YK5002 (ABAC) (lanes 3) at an MOI of 10, harvested at 18 h
postinfection, and then analyzed by immunoblotting with the indicated antibod-
ies. Molecular size (A and B) and mass (C) markers are shown on the left. (D and
E) Vero cells were infected at an MOI of 10 (D) or 0.01 (E) with wild-type HSV-
1(F) or YK5002 (ABAC). Total virus from the cell culture supernatants and in
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TABLE 2 LD, values of wild-type HSV-1(F) and YK5002 (ABAC) in
mice following intracranial infection”

Virus LD, (PFU)*
HSV-1(F) (wild type) 31.6
YK5002 (ABAC) 46.4

@ Three-week-old female ICR mice were infected intracranially with serial 10-fold
dilutions of each virus in groups of six per dilution and monitored for 14 days
postinfection.

b The LDy, values were determined by the Behrens-Karber method.

4). After the phosphatase treatment of lysates from wild-type
HSV-1(F)-infected cells, the slower-migrating Us8A band disap-
peared (Fig. 4C, lane 2). Similarly, the disappearance of the slow-
er-migrating band after phosphatase treatment was also observed
for Us8A from Vero cells infected with YK5005 (Us8A-S61A) (Fig.
4D, top, lane 3).

It has been reported that Us8A from cells infected with recom-
binant HSV-1 carrying Us8A tagged with a 23-amino-acid epitope
from the human cytomegalovirus (HCMV)-encoded glycopro-
tein B was detected in a denaturing gel as doublet bands, in agree-
ment with the results shown in Fig. 4A, while the tagged Us8A
from an in vitro transcription and translation system was detected
as a single band (28). These observations suggested that phos-
phorylation of Us8A Ser-61 depended on another viral protein(s)
and/or cellular protein(s) induced by HSV-1 infection. Interest-
ingly, the amino acid sequence around Us8A Ser-61 resembles the
consensus sequence recognized by the HSV-1-encoded Us3 pro-
tein kinase (47—49). These observations led us to examine whether
Us3 was involved in the phosphorylation of Us8A Ser-61 in HSV-
1-infected cells. As shown in Fig. 4E, a significant reduction of the
slower-migrating band of Us8A was observed with Us8A from Vero
cells infected with the Us3 kinase-dead mutant virus YK511
(Us3K220M) compared to Us8A from Vero cells infected with wild-
type HSV-1(F) or YK513 (Us3K220M-repair) (Fig. 4E and F).

Collectively, these results indicated that the slower-migrating
band was Us8A phosphorylated at Ser-61 and the faster-migrating
band was Us8A lacking phosphorylation at Ser-61. In addition,
these results indicated that Us3 mediated the phosphorylation of
Us8A Ser-61 in infected cells. Of note, there was a low level of
Us8A Ser-61 phosphorylation in the absence of Us3 kinase activity
in infected cells (Fig. 4E, top, lane 3), indicating that a protein
kinase other than Us3, likely a cellular protein kinase, also medi-
ated the phosphorylation of Us8A Ser-61 in infected cells.

Us3-mediated phosphorylation of Us8A in vitro. To examine
whether HSV-1 Us3 can directly phosphorylate Us8A in vitro, we
generated and purified chimeric proteins consisting of MBP fused
to peptides encoded by Us8A codons 20 to 94 (MBP-Us8A-P3)
and codons 20 to 71 (MBP-Us8A-P4) (Fig. 6A). The MBP fusion
proteins were captured on amylose beads and used as substrates
for in vitro kinase assays with purified wild-type GST-Us3 and a
kinase-negative mutant, GST-Us3K220M (31, 34, 39, 42, 43). As
shown in Fig. 6C, MBP-Us8A-P3 and MBP-Us8A-P4 were not
labeled with [y->*P]ATP in kinase assays using GST-Us3 (Fig. 6C,
lanes 1 and 3), while MBP-UL34 was efficiently labeled (Fig. 6C,

fected cells was harvested at the indicated times and assayed on Vero cells. Each
value represents the mean = standard error of the mean (SEM) of the results of
three independent experiments.
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FIG 4 Us3-mediated phosphorylation of Us8A Ser-61 in infected cells. (A and B) Vero cells were mock infected (lanes 1) or infected with wild-type HSV-1(F)
(lanes2), YK5003 (AUs8A) (lanes 3), or YK5004 (AUs8A-repair) (lanes 4) atan MOI of 10; harvested at 18 h postinfection; and then analyzed by immunoblotting
with the indicated antibodies. (C) The infected Vero cell lysates were untreated (lane 1) or treated with CIP (lane 2) and then analyzed as described for panel A.
(D) Vero cells were mock infected (lanes 1) or infected with wild-type HSV-1(F) (lanes 2), YK5005 (Us8A-S61A) (lanes 3), or YK5006 (Us8A-SA-repair) (lanes
4) at an MOI of 10; harvested at 18 h postinfection; and then analyzed as described for panel A. (E) Vero cells were mock infected (lanes 1) or infected with
wild-type HSV-1(F) (lanes 2), YK511 (Us3K220M) (lanes 3), or YK513 (Us3K220M-repair) (lanes 4) at an MOI of 10; harvested at 18 h postinfection; and then
analyzed as described for panel A. Molecular mass markers are shown on the left. (F) Quantitation of the amount of the slower-migrating Us8A band relative to
that of the faster-migrating Us8A band shown in panel E (top, lanes 2, 3, and 4). Each value represents the mean and SEM of the results of three independent
experiments and is expressed relative to the mean value of wild-type HSV-1(F)-infected cells, which was normalized to 100. The statistical significance according
to ANOVA and Tukey’s test is indicated. n.s., not significant.
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FIG 5 Effects of Us8A null or S61A mutations on growth curves for HSV-1-
infected cells. Vero cells were infected at an MOI of 10 (A and C) or 0.01 (B and
D) with wild-type HSV-1(F), YK5003 (AUs8A), or YK5004 (AUs8A-repair) (A
and B) or wild-type HSV-1(F), YK5005 (Us8A-S61A), or YK5006 (Us8A-SA-
repair) (Cand D). Total virus from cell culture supernatants and infected cells
was harvested at the indicated times and assayed on Vero cells. Each value
represents the mean = SEM of the results of three independent experiments.

lane 5), as demonstrated in our previous reports (34, 39).
When the kinase-negative mutant GST-Us3K220M was used,
none of the MBP fusion proteins were labeled (Fig. 6C, lanes 2, 4,
and 6). The presence of each MBP fusion protein and the radiola-
beled MBP-UL34 band was verified by Coomassie brilliant blue
(CBB) staining (Fig. 6B). These data indicate that Us3 cannot
directly phosphorylate Us8A in vitro. This suggests an additional
cellular and/or viral component(s) is required for the Us3-medi-
ated phosphorylation of Us8A in HSV-1-infected cells.

Effect of Us8A and its phosphorylation at Ser-61 on HSV-1
pathogenicity in mice following intracranial infection. Simple
experimental murine models of HSV-1 infection induced by the
direct intracranial injection of HSV-1 are used to study the effect
of viral replication on destruction of the central nervous system
(CNS). In contrast, multiple aspects of HSV-1 infection, including
pathogenic manifestations at peripheral sites of infection and the
capacity to invade the CNS from peripheral sites (neuroinvasive-
ness) and the subsequent induction of CNS damage by viral rep-
lication, can be studied in mice following their peripheral (e.g.,
ocular or vaginal) infection. Therefore, to clarify the roles of Us8A
and Us3-mediated phosphorylation of Us8A Ser-61 on HSV-1
infection in vivo, mice were infected intracranially with Us8 A mu-
tant viruses or wild-type HSV-1. Three-week-old female ICR mice
were infected intracranially with 10-fold dilutions of wild-type
HSV-1(F), YK5003 (AUs8A), YK5005 (Us8A-S61A), YK5004

5628 jviasm.org

Journal of Virology

A | D> 1
L 159
MBP- i P
i —— H 2
Us8A-P4 20 71
USAP;  me— 3
%
s 20 94
Selr-61
1
-AP| - 4
57 83
B = = = C = = =
o (=] [=] (=] o (=]
N N N o N N
o N o N N N
4 X 4 X 4 4
@ ™ @ ™ N 0 @a M «a M @ M
[ ] [ ] [} [/} w o w o w o
A e 22 22 22
E E E E E E E = E E =
n n n n nn n n n n 0 v
L6 666060 L6 0666
MBP- MBP- MBP- MBP-
UssA- UssA- WIBP UssA- UssA- MBP.
(kDa) P4 P3 P4 P3
66 = g ‘
e —
45— . .
1 2 3 4 5 6 1 2 3 4 5 6
CBB-staining Autoradiograph

FIG 6 Us3-mediated phosphorylation of Us8A in vitro. (A) Schematic dia-
gram of Us8A. Line 1, structure of the Us8A open reading frame. The shaded
area represents a predicted transmembrane domain. Line 2, domain of the
Us8A gene encoding Us8A residues 20 to 71, which were used in these studies
to generate the MBP-Us8A-P4 fusion protein. Line 3, amino acid sequence of
Us8A residues 20 to 94. Line 4, domain of the Us8A gene encoding Us8A
residues 57 to 83. The amino acid sequence similar to the consensus sequence
recognized by Us3 is boxed. A phosphopeptide detected in our previous stud-
ies (30, 31) is underlined. (B) Purified MBP-Us8A-P4 (lanes 1 and 2), MBP-
Us8A-P3 (lanes 3 and 4), and MBP-UL34 (lanes 5 and 6) were incubated in
kinase buffer containing [y->*P]ATP and purified GST-Us3 (lanes 1, 3, and 5)
or GST-Us3K220M (lanes 2, 4, and 6); separated on an SDS-PAGE gel; and
stained with CBB. Molecular mass markers are shown on the left. (C) Autora-
diograph of the gel in panel B. Molecular mass markers are shown on the left.

(AUs8A-repair), or YK5006 (Us8A-SA-repair), and mortality was
monitored for 14 days postinfection. As shown in Table 3, the
LDs, of YK5003 (AUs8A) was approximately 10-fold higher than
that of YK5004 (AUs8A-repair). This result is in agreement with
previous reports that a deletion spanning gE and part of Us8A
significantly reduced mortality in mice following intracranial in-
fection (23). In contrast, the LDy, of YK5005 (Us8A-S61A) was
comparable to that of YK5006 (Us8A-SA-repair) (Table 3). These
results suggested that Us8A, but not the Us3-mediated phosphor-
ylation of Us8A Ser-61, is required for efficient virulence in mice
following intracranial infection.

TABLE 3 LDy, values of recombinant viruses carrying mutations in
Us8A and their repaired viruses in mice following intracranial infection®

Virus LD,, (PFU)®
YK5003 (AUS8A) 464
YK5004 (AUs8A-repair) 46.4
YK5005 (Us8A-S61A) 46.4
YK5006 (Us8A-SA-repair) 68.1

@ Three-week-old female ICR mice were infected intracranially with serial 10-fold
dilutions of each virus in groups of six per dilution and monitored for 14 days
postinfection.

b The LD, values were determined by the Behrens-Karber method.
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Effects of Us8A and its phosphorylation at Ser-61 on HSV-1
pathogenesis in mice following ocular infection. Next, 5-week-
old female ICR mice were infected ocularly with 1 X 10° PFU/eye
of YK5003 (AUs8A), YK5004 (AUs8A-repair), YK5005 (Us8A-
S61A), or YK5006 (Us8A-SA-repair). The survival of the infected
mice was monitored for 21 days postinfection, and the develop-
ment of HSK in their eyes was determined at 6 days postinfection.
In agreement with the virulence analysis in mice following intra-
cranial infection (Table 3), the null mutation in Us8A significantly
reduced the development of HSK, and survival was significantly
longer for mice infected with YK5003 (AUs8A) than for mice in-
fected with YK5004 (AUs8A-repair) (Fig. 7A and C). These results
indicate that Us8A is required for both efficient virulence and the
development of HSK in mice following ocular infection.

In contrast, the Us8A S61A mutation had no significant effect
on the development of HSK, whereas the mutation significantly
reduced mortality in mice at levels similar to those for the null
mutation (Fig. 7B and 8D). To investigate further the linkage be-
tween the phosphorylation of Us8A Ser-61 and the mortality of
ocularly infected mice, we constructed a recombinant virus,
YK5007 (Us8A-S61E), encoding a phosphomimetic mutation at
Us8A Ser-61, and the repaired virus YK5008 (Us8A-SE-repair).
These recombinant viruses were characterized as follows: (i) Us8A
from Vero cells infected with YK5007 (Us8A-S61E) migrated as a
single band with intermediate mobility on denaturing gels (Fig.
8A, top, lane 3), suggesting that a negatively charged amino acid at
Us8A position 61, either phosphorylated Ser-61 or an S61E sub-
stitution, affected the electrophoretic mobility of Us8A on dena-
turing gels, and (ii) the growth curves of these recombinant vi-
ruses were similar to that of wild-type HSV-1(F) in Vero cells
infected at MOIs of 10 and 0.01 (Fig. 8B and C).

The recombinant viruses were then tested in ocularly infected
mice. As observed with YK5005 (Us8A-S61A) (Fig. 7B), following
ocular infection, the development of HSK in the eyes of mice
infected with YK5007 (Us8A-S61E) was similar to that of mice
infected with YK5008 (Us8A-SE-repair) (Fig. 9A). In addition, the
survival of mice infected with YK5007 (Us8A-S61E) was similar to
that of mice infected with YK5008 (Us8A-SE-repair) (Fig. 9B).
These results suggested that a negatively charged amino acid at
position 61 of Us8A, either phosphorylated Ser-61 or an S61E
substitution, was required for wild-type mortality of mice follow-
ing ocular infection. Taken together, these results indicate that
Us8A Ser-61 and its phosphorylation are required for efficient
viral virulence in mice following ocular infection but not for the
pathogenic effects of HSV-1 in eyes.

Effect of Us8A Ser-61 phosphorylation on viral replication in
the eyes, trigeminal ganglia, and brains of mice following ocular
infection. In the murine model of HSK, when sufficient quantities
of virus and/or a virulent strain of HSV-1 infects the eye, HSV-1
replicates in the epithelial layer of the cornea (1) and then infects
nerve endings and is transported through neural axons toward the
nerve cell bodies of the trigeminal ganglia, where the virus multi-
plies (1). Then, the virus returns from the trigeminal ganglia to the
eye and can invade the CNS, causing encephalitis and death (1).
To investigate the anatomical location of the restriction caused by
blocking the phosphorylation of Us8A Ser-61, kinetic analysis of
viral replication in various mouse tissues was performed. Five-
week-old female ICR mice were infected ocularly with 1 X 10°
PFU/eye of YK5005 (Us8A-S61A), YK5006 (Us8A-SA-repair),
YK5007 (Us8A-S61E), or YK5008 (Us8A-SE-repair), and the
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FIG 7 Effects of Us8A null and S61A mutations on the development of HSK and
mortality of ocularly infected mice. (A and B) Fourteen (A) or 15 (B) 5-week-old
female ICR mice infected ocularly with 1 X 10° PFU/eye of YK5003 (AUs8A) (A),
YK5004 (AUs8A-repair) (A), YK5005 (Us8A-S61A) (B), or YK5006 (Us8A-SA-
repair) (B) were scored for HSK at 6 days postinfection. Each data point represents
the HSK score from one mouse. The horizontal bars represent the mean for each
group. The statistical significance according to a two-tailed Student ¢ test is indi-
cated. n.s., not significant. (C and D) Survival of mice in the experiment described
for panels A and B was monitored for 21 days postinfection. The statistical signif-
icance according to a log rank test is shown.

yields of the indicated viruses in the eyes, trigeminal ganglia, and
brains of the mice were measured.

The results were as follows. (i) As reported previously (26),
viral yields in the eyes of mice infected with YK5006 (Us8A-SA-
repair) or YK5008 (Us8A-SE-repair) peaked at 1 day postinfection
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FIG 8 Effects of the Us8A S61E mutation on expression of Us8A and growth
of HSV-1 in infected cells. (A) Vero cells were mock infected (lanes 1) or
infected with wild-type HSV-1(F) (lanes 2), YK5007 (Us8A-S61E) (lanes 3), or
YK5008 (AUs8A-SE-repair) (lanes 4) at an MOI of 10; harvested at 18 h
postinfection; and then analyzed by immunoblotting with the indicated anti-
bodies. Molecular mass markers are shown on the left. (B and C) Vero cells
were infected at an MOI of 10 (B) or 0.01 (C) with wild-type HSV-1(F),
YK5007 (Us8A-S61E), or YK5008 (AUs8A-SE-repair). Total virus from the
cell culture supernatants and infected cells was harvested at the indicated times
and assayed on Vero cells. Each value represents the mean = SEM of the results
of three independent experiments.

and declined thereafter. Viral yields in the trigeminal ganglia of
mice infected with each of these viruses reached a plateau at 3 and
4 days postinfection, and those in the brains were detectable from
3 days postinfection and increased at 4 days postinfection (Fig.
10). (ii) In the eyes of mice infected with YK5005 (Us8A-S61A) at
1 to 3 days postinfection, viral yields were similar to those of mice
infected with YK5006 (Us8A-SA-repair). In contrast, at 4 days
postinfection, when the virus is thought to return to the eyes from
the trigeminal ganglia, viral yields in the eyes of mice infected with
YK5005 (Us8A-S61A) were significantly (4.58-fold) lower than in
YK5006 (Us8A-SA-repair)-infected mice (Fig. 10A). (iii) in the
trigeminal ganglia of mice infected with YK5005 (Us8A-S61A),
viral yields were comparable to those of mice infected with
YK5006 (Us8A-SA-repair) at 1 and 2 days postinfection, whereas
at 3 and 4 days postinfection, viral yields were significantly (3.07-
and 10.4-fold, respectively) lower than those of mice infected with
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FIG 9 Effects of Us8A S61E mutation on the development of HSK and mor-
tality in ocularly infected mice. (A) Fifteen 5-week-old female ICR mice in-
fected ocularly with 1 X 10° PFU/eye of YK5007 (Us8A-S61E) or YK5008
(AUSs8A-SE-repair) were scored for HSK at 6 days postinfection. Each data
point represents the HSK score from one mouse. The horizontal bars represent
the mean for each group. n.s., not significant. (B) Survival of mice in the
experiment described for panel A was monitored for 21 days postinfection.

YK5006 (Us8A-SA-repair) (Fig. 10B). (iv) consistent with the viral
yields from the trigeminal ganglia of mice, the viral yields from the
brains of mice infected with YK5005 (Us8A-S61A) were signifi-
cantly (2.62- and 4.63-fold) lower than those from mice infected
with YK5006 (Us8A-SA-repair) at 3 and 4 days postinfection, re-
spectively (Fig. 10C). (v) the phosphomimetic mutation at posi-
tion 61 of Us8A restored wild-type viral yields in the eyes, trigem-
inal ganglia, and brains of mice following ocular infection (Fig.
10D to F).

Collectively, these results suggest that in this murine model of
HSK, (i) the phosphorylation of Us8A Ser-61 has little effect on
viral replication in the eyes and trigeminal ganglia early in infec-
tion (at 1 to 3 days and 1 and 2 days postinfection, respectively)
butis required for efficient viral replication in these tissues later in
infection (at 4 days and at 3 and 4 days postinfection, respectively)
and (ii) this phosphorylation is required for efficient viral replica-
tion in the brains from the time the virus become detectable (at 3
and 4 days postinfection).

DISCUSSION

In this study, we present data showing that Us8A is required for
efficient virulence in mice following both intracranial and ocular
infection, thereby clarifying that Us8A is a novel HSV-1 virulence
factor. We also demonstrate that the phosphorylation of a physi-
ological phosphorylation site (Ser-61) in Us8A in infected cells is
mediated by Us3 and the regulation of Us8A by Ser-61 phosphor-
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FIG 10 Effects of Us8A S61A or S61E mutations on viral yields in the eyes, trigeminal ganglia (TG), and brains of ocularly infected mice. Fifteen 5-week-old
female ICR mice were infected ocularly with 1 X 10° PFU/eye of YK5005 (Us8A-S61A), YK5006 (Us8A-SA-repair), YK5007 (Us8A-S61E), or YK5008 (AUSSA-
SE-repair). The eyes, trigeminal ganglia, and brains were recovered at 1, 2, 3, or 4 days postinfection, and viral yields were assayed on Vero cells. The detection
limit of viral yields from trigeminal ganglia and brains were 2.5 PFU/ml and 25 PFU/ml, respectively. Because the mean weight of one trigeminal ganglion or one
brain was 0.007 or 0.464 g, respectively, the limit of detection was about 356 or 53.9 PFU/ml/g. The dashed lines indicate the limit of detection. n.d., not detected.
Each data point represents the viral yield from one mouse. The horizontal bars represent the mean for each group. The statistical significance according to a

two-tailed Student ¢ test is indicated. n.s., not significant.

ylation is required for efficient virulence in mice following ocular
infection. To our knowledge, this is the first report directly indi-
cating the biological significance of Us8A alone and its regulation
during the HSV-1 life cycle.

Another striking observation in this study was that the phos-
phorylation of Us8A at Ser-61 was required for efficient virulence
in mice following ocular infection, but not intracranial infection.
As described above, virulence in mice following intracranial infec-
tion appears to depend on the ability of HSV-1 to replicate in the
CNS (1), and therefore, our results suggest that the phosphoryla-
tion of Us8A Ser-61 has no effect on viral replication in the CNS.
In contrast, virulence in mice following ocular infection appears
to result from the sum of the multiple capacities of HSV-1 to
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replicate in the eye, trigeminal ganglia, and brain; to gain access to
the trigeminal ganglia from the eye; and to invade the CNS from
the trigeminal ganglia (1). In this study, we also showed that (i) the
mutation in Us8A that precludes phosphorylation at Ser-61 had
no effect on viral replication in the eyes of ocularly infected mice at
1 to 3 days postinfection, during which time viral replication in the
trigeminal ganglia reached a plateau; (ii) the mutation had no
effect on viral replication in the trigeminal ganglia at 1 and 2 days
postinfection but significantly reduced viral replication at 3 and 4
days postinfection; and (iii) the mutation in Us8A that mimics
constitutive phosphorylation at Ser-61 restored wild-type viral
replication in the trigeminal ganglia. Collectively, this series of
observations suggests that the phosphorylation of Us8A Ser-61
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A
HSV-1(F) 155: IARGA%
HSV-1(17) 155: IARGA*
HSV-1(Makcae) 155: IARGA*
HSV-1(KOS) 155: IARGAQRAGGPPSRSKLKIVSHSDRNFPPGAF FRPR*
B Phosphorylation site
v
HSV-1(F) 42 :RPPIRPSSGKAPHPEAPRRSPNWATAGEVDVGDELTIAI : 79
HSV-1(17) 42 :RPPIRPSSGKAPHPEAPRRSPNWATAGEVDVGDELTIAI : 79

HSV-1(Makcae) 42 : RPPIRPS SGKAPHPEAPRRSPNWATAGEVDVGDELIAI : 79

HSV-1(KOS)  42:RPPIRPSSGKAPHPEAPRRSPNWATAGEVDVGDELIAI : 79
HSV-2(HG52) 42:RPPIRPSSGKASSDDA------------- DVGDELIAI: 66
HSV-2(SD90e) 42:RPPIRPSSGKASSDDA------------- DVGDELTAI : 66

FIG 11 Sequence alignment of the Us8A protein homologues from HSV-
1(F), HSV-1(17), HSV-1(KOS), HSV-2(HG52), and HSV-2(SD90e) strains.
Shown are the stop codon (asterisks) (A) and Us8A Ser-61 (B) of HSV-1(F)
and the corresponding residues of other HSV-1 and HSV-2 strains. The resi-
dues conserved in the sequences are shaded.

plays no obvious role in viral replication in the eyes in these early
stages of infection or in the viral transport from the eyes to the
trigeminal ganglia but is required for efficient viral replication in
the trigeminal ganglia. In support of this, the mutation that pre-
cludes the phosphorylation of Us8A Ser-61 also significantly re-
duced viral replication in the eyes of ocularly infected mice at 4
days postinfection, when the virus is thought to return from the
trigeminal ganglia, and in the brains at 3 and 4 days postinfection.
Furthermore, the phosphomimetic mutation at Us8A Ser-61 re-
stored wild-type viral replication in the eyes at 4 days postinfec-
tion and in the brains at 3 and 4 days postinfection. The reduced
viral replication in the trigeminal ganglia caused by the preclusion
of Us8A Ser-61 phosphorylation may lead to reduced viral yields
in the eyes at 4 days postinfection and in the brains at 3 and 4 days
postinfection. Taken together with the data in this study showing
that Us3 is a major kinase responsible for mediating the phos-
phorylation of Us8A Ser-61 in infected cells, it seems likely that the
Us3 phosphorylation of Us8A Ser-61 regulates viral neuroinva-
siveness, especially the viral capacity to replicate in the trigeminal
ganglia, which is one of the critical aspects for viral invasion of the
CNS from peripheral sites. In support of this hypothesis, it has
been reported that Us3 is critical for viral neuroinvasiveness in
mice following ocular infection (26). Us8A may be one of the
targets of Us3 for the regulation of viral neuroinvasiveness. In
addition, Negatsch et al. previously reported that glutamine re-
placement at the stop codon of Us8A in the HSV-1 strain KOS led
to an extension of the predicted protein from 159 to 190 amino
acids compared to HSV-1 strains 17 (50), H129, McKrae, and F
(Fig. 11A). Interestingly, it has been reported that HSV-1 KOS
exhibits phenotypes similar to that of a recombinant HSV-1(F)
strain carrying a mutation to preclude phosphorylation of Us8A
Ser-61. Thus, HSV-1 KOS grows in cell cultures and is virulent in
mice following intracranial infection, similar to other HSV-1
strains (17, F, H129, and McKrae), whereas HSV-1 KOS is several
orders of magnitude less neuroinvasive than the other HSV-1
strains (51-54). These observations, along with our results, raise
the interesting possibility that the C-terminal 31-amino-acid ex-
tension of Us8A from HSV-1 KOS may affect the function of Us8A
to regulate viral neuroinvasiveness, similar to the S61A mutation
in HSV-1(F) Us8A shown in this study, and may be one of the
polymorphic variations seen in HSV-1 KOS involved in the atten-
uation of its viral neuroinvasiveness.
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In general, identification of the physiological substrate of a
viral protein kinase and its phosphorylation sites requires the
demonstration that the substrate and its phosphorylation sites are
specifically and directly phosphorylated by the kinase in vitro, and
that the phosphorylation of the substrate is altered in cells infected
with a mutant virus lacking the protein kinase activity. In this
study, we showed that a kinase-dead mutation in Us3 significantly
reduced the phosphorylation of Us8A Ser-61 in infected cells.
However, we could not detect the direct phosphorylation of
Us8A by Us3 in vitro. One explanation for this might be that a
protein kinase(s) other than Us3 phosphorylates Us8A Ser-61
in infected cells and this kinase is induced by the presence of
Us3 kinase activity. In support of this hypothesis, it has been
reported that Us3 activates cellular protein kinase A (PKA) in
infected cells (55), and in silico analysis of the Us8A amino acid
sequence (using GPS 3.0 kinase-specific phosphorylation site pre-
diction [56, 57; http://gps.biocuckoo.org/online.php]) predicted
that Ser-61 of Us8A could be phosphorylated by PKA. Protein
kinases other than PKA that have regulation and substrate speci-
ficity similar to PKA in HSV-1-infected cells and/or PKA might
directly phosphorylate Us8A Ser-61. However, there is a possibil-
ity that Us3 directly phosphorylates Us8 at Ser-61 in HSV-1-in-
fected cells. In the in vitro kinase assay used in this study, the kinase
and substrate, Us3 and Us8A, were tagged with GST and MBP,
respectively, and this tagging may induce conformational changes
of the proteins, which may prevent conformation-dependent
phosphorylation of Us8A by Us3.

Us8A Ser-61 is conserved among HSV-1 strains, but not
HSV-2 strains (Fig. 11B). This suggests that the Us3-mediated
phosphorylation of Us8A Ser-61 and its relevance to the regula-
tion of viral neuroinvasiveness, clarified in this study, are spe-
cific to HSV-1. In agreement with this, it has been reported that
HSV-1Us3 and HSV-2 Us3 differ in their contributions to viral
neuroinvasiveness in mice (26, 58). Recently, it has been re-
ported that the replacement of HSV-1 Us3 with HSV-2 Us3
compensated for the phosphorylation of HSV-1 gB Thr-887,
which is not conserved in HSV-2 gB, leading to the effect of its
phosphorylation and the downregulation of the cell surface
expression of gB in infected cells (59). These observations sug-
gest that phosphorylation sites in viral proteins may have
evolved to enable viral kinases to acquire new functions in viral
protein regulation. HSV-1 Us8A Ser-61 may be such a phos-
phorylation site, similar to HSV-1 gB Thr-887.

We used another HSV-1-BAC clone (pYEbac102) (32) to gen-
erate and analyze HSV-1 mutants in previous studies. In the
course of the studies, we realized that the excision of the BAC
sequence from the HSV-1 genome was required for efficient
viral neuroinvasiveness in mice following peripheral infection
(data not shown). Although the BAC sequence can be excised
from pYEbacl02, it requires coinfection of cells with a recombi-
nant virus reconstituted from pYEbac102 and adenovirus express-
ing Cre recombinase, followed by plaque purification (32). In this
study, analyses of HSV-1 neuroinvasiveness using HSV-1 Us8A
mutants were necessary, and therefore, we generated a new self-
excisable HSV-1-BAC clone (pYEbac5002). Using pYEbac5002,
the excision of the BAC sequence from the HSV-1 genome was
much easier than that using pYEbac102, as described previously
(35). Since we have not determined the entire sequence of
pYEDbac5002, there is a possibility that this new HSV-1-BAC clone
may have a small deletion(s) that has no obvious effect on viral
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replication in cell cultures and neurovirulence in mice following
intracranial infection.

Thus far, information on HSV-1 factors regulating neuroinva-
siveness has been limited because it is difficult to investigate the
efficiency of HSV-1 transport from peripheral sites to the CNS in
vivo. Therefore, previous studies have identified HSV-1 factors
involved in neuroinvasiveness based on the fact that (i) a mutation
in the corresponding HSV-1 factor has no effect on virulence in
mice following intracranial infection and (ii) the mutation signif-
icantly reduced virulence in mice following peripheral infection,
and these factors include only gD, ICPO, Us9, and gB (60-64).
Therefore, the identification of Us8A as a novel HSV-1 factor for
neuroinvasiveness in this study provides insight into the mecha-
nisms by which HSV-1 regulates viral neuroinvasiveness and con-
tributes to our understanding of HSV-1 pathogenesis.
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