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ABSTRACT

To investigate the molecular mechanism(s) by which herpes simplex virus 1 (HSV-1) tegument protein UL51 promotes viral replica-
tion, we screened for viral proteins that interact with UL51 in infected cells. Affinity purification of tagged UL51 in HSV-1-infected
Vero cells was coupled with immunoblotting of the purified UL51 complexes with various antibodies to HSV-1 virion proteins. Subse-
quent analyses revealed that UL51 interacted with another tegument protein, UL14, in infected cells. Mutational analyses of UL51
showed that UL51 amino acid residues Leu-111, Ile-119, and Tyr-123 were required for interaction with UL14 in HSV-1-infected cells.
Alanine substitutions of these UL51 amino acid residues reduced viral replication and produced an accumulation of unenveloped and
partially enveloped nucleocapsids in the cytoplasm at levels comparable to those of UL51-null, UL14-null, and UL51/UL14 double-null
mutations. In addition, although UL51 and UL14 colocalized at juxtanuclear domains in HSV-1-infected cells, the amino acid substitu-
tions in UL51 produced aberrant localization of UL51 and UL14. The effects of these substitutions on localization of UL51 and UL14
were similar to those of the UL51-null and UL14-null mutations on localization of UL14 and UL51, respectively. These results sug-
gested that the interaction between UL51 and UL14 was required for proper localization of these viral proteins in infected cells and that
the UL51-UL14 complex regulated final viral envelopment for efficient viral replication.

IMPORTANCE

Herpesviruses contain a unique virion structure designated the tegument, which is a protein layer between the nucleocapsid and the
envelope. HSV-1 has dozens of viral proteins in the tegument, which are thought to facilitate viral envelopment by interacting with
other virion components. However, although numerous interactions among virion proteins have been reported, data on how these
interactions facilitate viral envelopment is limited. In this study, we have presented data showing that the interaction of HSV-1 tegu-
ment proteins UL51 and UL14 promoted viral final envelopment for efficient viral replication. In particular, prevention of this interac-
tion induced aberrant accumulation of partially enveloped capsids in the cytoplasm, suggesting that the UL51-UL14 complex acted in
the envelopment process but not in an upstream event, such as transport of capsids to the site for envelopment. This is the first report
showing that an interaction between HSV-1 tegument proteins directly regulated final virion envelopment.

H erpesviruses have a unique virion structure designated the primary and secondary enveloped virions (i.e., VP16, VP22, US3,
tegument, which is a proteinaceous layer consisting of a  ULI1, and VP13/14) and some only in primary enveloped virions
number of different viral proteins and is located between the nu-  (i.e., UL31 and UL34), suggesting that these tegument proteins
cleocapsid and the envelope (1). Herpes simplex virus 1 (HSV-1), were incorporated into nascent virus particles in the nucleus
classified in the Alphaherpesvirinae subfamily of the Herpesviridae  and/or during nuclear egress of the nucleocapsids (2, 6-10).
family, is one of the best-studied members in the family and has at The location of the tegument in herpesvirus virions indicates
least 23 different viral proteins in the tegument (2). that this structure bridges the nucleocapsid and the envelope to
In HSV-1-infected cells, packaging of nascent progeny virus ~maintain the structural integrity of virions by interacting directly
genomes into preformed capsids takes place in the nucleus. The =~ With capsid proteins, other tegument proteins, and the cytoplas-
nascent progeny nucleocapsids acquire a primary envelope by ~ mic domains of envelope glycoproteins and/or membrane-asso-
budding through the inner nuclear membrane (INM) into the ciated tegument proteins. In agreement with this, numerous pro-
perinuclear space between the INM and outer nuclear membrane tein-protein inte?ractions.betweer} tegument proteins and ‘.between
(ONM) (primary envelopment) (3, 4). The enveloped nucleocap- tegument proteins, capsid proteins, and envelope proteins have
sids then fuse with the ONM to release unenveloped nucleocap-
sids into the cytoplasm. Subsequently, the nucleocapsids acquire a
final envelope by budding into cytoplasmic vesicles, probably
membranes derived from the trans-Golgi network and/or endo-
somes (secondary envelopment), and mature virions are secreted
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been reported (5). These data also suggest that, during virion mor-
phogenesis, viral tegument proteins facilitate viral envelopment
by establishing the protein-protein network found in enveloped
virions. In support of this hypothesis, a number of HSV-1 tegu-
ment proteins (i.e., UL31, UL34, UL36, UL37, UL14, UL47, UL48,
UL11, and UL16) were reported to be required for efficient viral
primary or secondary envelopment (7, 11-17). In particular, de-
fective particles, designated L-particles, that contain most of the
tegument proteins and all of the envelope glycoproteins but lack
capsids, are produced in HSV-infected cells (18, 19). These results
indicate that the tegument and envelope proteins are sufficient for
viral secondary envelopment, and that interactions between tegu-
ment proteins and/or between tegument proteins and envelope
proteins are important for viral envelopment. However, although
numerous reports have shown various interactions among these
virion proteins as described above, data confirming that these in-
teractions facilitate viral envelopment are limited. Thus far, only
interactions between HSV-1 tegument proteins UL31 and UL34
and between tegument proteins UL36 and UL37 have been shown
to be required for HSV-1 primary and secondary envelopment,
respectively (17, 20).

HSV-1 tegument protein UL51 is conserved in the Herpesviri-
dae family (1). Like HSV-1 UL51, UL51 homologs in other mem-
bers of the Alpha-, Beta-, and Gammaherpesvirinae subfamilies
were also shown to be incorporated into the tegument of virions
(2, 21-24), suggesting that UL51 homologs are conserved tegu-
ment proteins in herpesviruses. UL51 is an important positive
regulator for HSV-1 replication in cell cultures based on the ob-
servation that recombinant HSV-1 UL51-null mutants show sig-
nificantly impaired plaque formation and have a significant re-
duction in progeny virus titers in cell cultures (25). Palmitoylation
of UL51 has been suggested to have a role in UL51 association with
cytoplasmic membranes, with UL51 topology indicating that it
should be displayed on the exterior surface of cytoplasmic mem-
branes and, therefore, on the interior surface of virions (26). UL51
homologs of porcine alphaherpesvirus pseudorabies virus (PRV)
and human betaherpesvirus cytomegalovirus (HCMV) have been
reported to participate in viral secondary envelopment (27, 28).
Although HSV-1 UL51 was shown to interact with UL7 (29) and
UL7 homologs in PRV and HCMV were shown to facilitate viral
secondary envelopment (30, 31), it remained to be determined
whether HSV-1 UL51 and UL7 are involved in viral secondary
envelopment. HSV-1 UL51 has also been reported to interact with
viral envelope glycoprotein E (gE) (25). However, the biological
significance of these interactions in HSV-1 replication remains to
be addressed.

To investigate the mechanism by which UL51 acts in HSV-1
replication, we screened for HSV-1 virion proteins that interact
with UL51 in HSV-1-infected cells. We then focused on UL14,
which was identified as a putative UL51-interacting HSV-1 virion
protein. HSV-1 UL14 is a conserved herpesvirus tegument pro-
tein, like UL51 and UL7 (1), and was reported to promote viral
replication and secondary envelopment (16). In the present study,
we investigated the effects of the interaction between UL51 and
UL14 in HSV-1-infected cells, especially effects on viral replica-
tion and virion morphogenesis.

MATERIALS AND METHODS

Cells and viruses. Vero, COS-7, and rabbit skin cells have been described
previously (32, 33). The HSV-1 wild-type strain HSV-1(F) and the UL13-
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FIG 1 Schematic diagrams of the genome structures of wild-type HSV-1(F)
and the relevant domains of the recombinant viruses used in this study. Line 1,
wild-type HSV-1(F) genome; line 2, domains of the UL13 to UL15 and UL50
to UL52 genes; line 3, domains of the UL14 and UL51 genes; lines 4 to 12,
recombinant viruses with mutations in the UL14 and/or UL51 genes; line 13,
domains of the UL10 to UL13 genes; line 14, domains of the UL11 and UL13
genes; line 15, recombinant viruses with mutations in UL11 and UL13. An
asterisk denotes a stop codon.

null mutant virus R7356 (AUL13) (a kind gift from B. Roizman) have
been described previously (32, 34).

Plasmids. To construct the transfer plasmid pBS-UL51, used for gen-
erating recombinant viruses YK5012 (AUL51-repair) and YK5018
(AUL51/AULI14-repair) in which the UL51-null mutation in YK5011
(AUL51) and the UL51/UL14-null mutations in YK5017 (AUL51/
AUL14), respectively, were repaired (Fig. 1), we amplified the domain
containing the UL51 open reading frame (ORF), the 894-bp upstream
sequence flanking the UL51 start codon, and the 1-kbp downstream se-
quence flanking the UL51 stop codon from pYEbac5002, a full-length
infectious HSV-1(F) clone (35), using primers 5'-GCGAGCTCCGAATG
GCTATGCCGGCTGA-3' and 5'-CGGAATTCGACGGTGTCGGGGCG
GGGGG-3', followed by cloning into pBluescript IT KS(+) (Stratagene).

Plasmid pBS-FEM-kan, for generating recombinant viruses YK5019
(UL51-FEM) and YK5020 (UL11-FEM), expressing UL51 and UL11, re-
spectively, tagged with an FEM tag, with Flag and myc epitopes, and a
tobacco etch virus (TEV) protease cleavage site (Flag-TEV-myc), was con-
structed as follows. The domain containing the FEM tag, I-Scel site, and
kanamycin resistance gene was amplified using primers 5'-ATAAGAAT
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GCGGCCGCATGGACTACAAGGACGACG-3'" and 5'-GAGAATTCTC
ACAAGTCCTCTTCAGAAATGAGC-3', which were from PCR frag-
ments that were amplified from pEP-KanS (36) using primers 5'-ATGG
ACTACAAGGACGACGATGACAAAGATGACCGTGATTATGATATT
CCAACTACTGCTAGCGAGAATTTGTATTTTCAGGGTGAAGGATG
ACGACGATAAGTAGGG-3" and 5'-TCACAAGTCCTCTTCAGAAAT
GAGCTTTTGCTCCATGGTGGCGGATCCGAGCTCACCCTGAAAAT
ACAAATTCTCGCTAGCAGTAGTTGGAACAACCAATTAACCAATT
CTGATTAG-3' and then cloned into pBluescript IT KS(+).

To generate a fusion protein of the maltose binding protein (MBP)
and a domain of UL15 or UL52, pMAL-UL15:344-745 and pMAL-UL52:
150-349 were constructed by cloning the UL15 domain, encoding codons
344 to 745, and the UL52 domain, encoding codons 150 to 349, respec-
tively, that had been amplified by PCR from the HSV-1(F) genome into
PMAL-c (New England BioLabs) in frame with MBP.

To generate a fusion protein of glutathione S-transferase (GST) and
UL51 and fusion proteins of GST and each of the UL51 domains (see Fig.
4A), pGEX-UL51, pGEX-UL51:12-170, pGEX-UL51:164-244, pGEX-
UL51:12-130, pGEX-UL51:47-170, pGEX-UL51:47-130, pGEX-UL51:
47-94, and pGEX-UL51:90-130 were constructed by cloning the UL51
domains encoding codons 1 to 244, 12 to 170, 164 to 244, 12 to 130, 47 to
170, 47 to 130, 47 to 94, and 90 to 130, respectively, that had been ampli-
fied by PCR from the HSV-1(F) genome into pGEX-4T1 (GE Healthcare)
in frame with GST. To generate a fusion protein of GST and the UL51
domain (UL51:90-130) with alanine replacements of leucine 111 (Leu-
111), isoleucine 119 (Ile-119), and tyrosine 123 (Tyr-123) (UL51:90-
130LIY/AAA), pGEX-UL51:90-130LIY/AAA was generated by site-di-
rected PCR mutagenesis. Primers flanking the UL51 gene along with
primers in the middle of the gene that contained the mutations and
introduced a restriction site were used to amplify the gene in two
pieces from pGEX-UL51:90-130. After cutting with a restriction en-
zyme, the two halves of the gene were ligated and amplified by other
primers flanking the gene. The primer sets used were 5'-GATGCGGC
GCGCCGCGGACACGTGTATGGCCACCGCCCTGCAGATGGCCA
TGTCCGTG-3' and 5'-CCGGGAGCTGCATGTGTCAGAGG-3', 5'-
CACGGACATGGCCATCTGCAGGGCGGTGGCCATACACGTGTC
CGCGGCGCGCCGCATC-3" and 5'-GGGCTGGCAAGCCACGTTT
GGTG-3', and 5'-GCGAATTCCCCGGGCTCGAGGCCCCCAC-3’
and 5'-GCGTCGACGTCAGCCGCCCCCACGGACA-3'".

Production and purification of MBP and GST fusion proteins in
Escherichia coli. MBP fusion proteins MBP-UL15:344-745 and MBP-
UL52:150-349 were expressed in E. coli that had been transformed with
PMAL-UL15:344-745 and pMAL-UL52:150-349, respectively, and puri-
fied using amylose resin (New England BioLabs) as described previously
(33). GST fusion proteins GST-UL51, GST-UL51:12-170, GST-UL51:
164-244, GST-UL51:12-130, GST-UL51:47-170, GST-UL51:47-130,
GST-UL51:47-94, GST-UL51:90-130, and GST-UL51:90-130L111A/
I119A/Y123A were expressed in E. coli that had been transformed with
pGEX-UL51, pGEX-UL51:12-170, pGEX-UL51:164-244, pGEX-UL51:
12-130, pGEX-UL51:47-170, pGEX-UL51:47-130, pGEX-UL51:47-94,
pGEX-UL51:90-130, and pGEX-UL51:90-130L111A/I119A/Y123A, re-
spectively, and purified using glutathione-Sepharose resin (GE Health-
care Life Science) as described previously (37).

Antibodies. Commercial mouse monoclonal antibodies to Myc
(PL14; MBL), a-tubulin (DM1A; Sigma), ICPO (1112; Goodwin Insti-
tute), ICP4 (58S; ATCC), VP5 (3B6; Virusys), gB (H1817; Virusys), gD
(DL6; Danta Cruz Biotechnology), gH (52-S; ATCC), gC (H1A022; Viru-
sys), gG (7F5; Virusys), and gE (9H3; Abcam) and commercial rabbit
polyclonal antibodies to VP23 (CAC-CT-HSV-UL18; CosmoBio) and
UL11 (CAC-CT-HSV-UL11; CosmoBio) were used. Rabbit polyclonal
antibodies to UL51, UL14, UL7, UL31, UL34, VP26, UL41, UL46, VP13/
14, VP16, VP22, UL50, Us3, and Us9, a mouse monoclonal antibody to
UL13, and a mouse polyclonal antibody to gN were described previously
(7, 26, 35, 38—42). Rabbit polyclonal antibody to gM (43) was kindly
provided by J. Baines. To generate mouse polyclonal antibodies to HSV-1
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UL15, UL51, and UL52, BALB/c mice were immunized with purified
MBP-fusion protein MBP-UL15:344-745, GST-UL51, or MBP-UL52:
150-349 as described previously (38). The rabbit and mouse polyclonal
antibodies to UL51 were used for immunoblotting and immunofluores-
cence, respectively.

Immunoblotting, immunofluorescence, and immunoprecipitation.
Immunoblotting, immunofluorescence, and immunoprecipitation were
performed as described previously (44, 45).

Mutagenesis of viral genomes in E. coli and generation of recombi-
nant HSV-1. To generate recombinant viruses YK5019 (UL51-FEM) and
YK5020 (UL11-FEM), expressing FEM-tagged UL51 and UL11, respec-
tively (Fig. 1), a two-step Red-mediated mutagenesis procedure was car-
ried out using E. coli GS1783 containing pYEbac5002 (35) as described
previously (46), except using pBS-FEM-kan and the primers listed in Ta-
ble 1. Recombinant viruses YK5011 (AUL51), in which the UL51 gene was
disrupted by deleting UL51 codons 43 to 244, YK5015 (AUL14), in which
a deletion of 4 bp from nucleotides 291 to 294 in the UL14 gene (relative
to the first nucleotide of the UL14 gene) replaced UL14 Tyr-97 with a stop
codon, and YK5013 (UL51LIY/AAA), carrying the L111A/I119A/Y123A
mutations in UL51 (Fig. 1), were constructed by the two-step Red-medi-
ated mutagenesis procedure using E. coli GS1783 carrying pYEbac5002 as
described previously (46), except using the primers listed in Table 1. The
4-bp deletion in UL14 has previously been used to generate an HSV-1
UL14-null mutant (16). Recombinant virus YK5017 (AUL51/AUL14),
carrying mutations in YK5011 (AUL51) and YK5015 (AUL14) (Fig. 1),
was constructed by the two-step Red-mediated mutagenesis procedure
using E. coli GS1783 carrying the YK5011 (AUL51) genome as described
previously (46), except using the primers listed in Table 1. Recombinant
viruses YK5016 (AUL14-repair) and YK5014 (UL51LIY/AAA-repair), in
which the mutations in YK5015 (AUL14) and YK5013 (UL51LIY/AAA)
were repaired (Fig. 1), were generated as described previously (38), except
using the primers listed in Table 1. Recombinant virus YK5012 (AUL51-
repair), in which the mutation in YK5011 (AUL51) was repaired (Fig. 1),
was generated by transfection of COS-7 cells with pBS-UL51 using Lipo-
fectamine 2000 (Invitrogen) and subsequent infection with YK5011
(AUL51). Plaques of progeny viruses from the transfections and infec-
tions were isolated three times on Vero cells, and restoration of original
sequences was confirmed by sequencing. Recombinant virus YK5018
(AUL51/AULI14-repair), in which the mutations in YK5017 (AUL51/
AUL14) were repaired (Fig. 1), was generated as follows. A viral genome
with a mutation in UL14 in YK5017 (AUL51/AULI14) was repaired by the
same procedure as that used to generate YK5016 (AUL14-repair). The
resultant viral genome was isolated and cotransfected into rabbit skin cells
with pBS-UL51. Plaques of progeny viruses from the transfections and
infections were isolated three times on Vero cells, and restoration of the
original sequences of UL51 and UL14 was confirmed by sequencing.

GST pulldown assays. GST pulldown assays were carried out essen-
tially as described previously (37). Briefly, Vero cells were infected with
wild-type HSV-1(F) at a multiplicity of infection (MOI) of 5 for 18 h and
then lysed in NP-40 buffer (120 mM NaCl, 50 mM Tris-HCI [pH 8.0],
0.5% NP-40, 50 mM NaF) containing a proteinase inhibitor cocktail. The
infected cell lysates were precleared by incubation with glutathione-Sep-
harose resin and then reacted with purified GST-UL51 and its conjugated
glutathione-Sepharose resin derivatives. After extensive washing of the
resin with NP-40 buffer, the resin was divided into two parts. One part was
analyzed by immunoblotting with anti-UL14 antibody and the other was
electrophoretically separated in a denaturing gel and stained with Coo-
massie brilliant blue (CBB). The amount of protein in the bands detected
by immunoblotting and in the CBB-stained bands after denaturing gel
electrophoresis were quantitated using the Dolphin Doc system with
Dolphin1D software.

Electron microscopic analysis. Vero cells infected with each of the
indicated viruses at an MOI of 5 for 18 h were examined by ultrathin
section electron microscopy as described previously (47), except using 2%
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paraformaldehyde and 2% glutaraldehyde in 0.1 M sodium phosphate
buffer (pH 7.4).

RESULTS

Identification of a novel HSV-1 protein that interacts with UL51
in HSV-1-infected cells. To identify HSV-1 proteins that interact
with UL51 in HSV-1-infected cells, we carried out affinity purifi-
cation of FEM-tagged UL51 from an HSV-1-infected cell lysate
followed by immunoblotting of the purified UL51 complexes with
antibodies to 27 different HSV-1 virion proteins (ICPO, ICP4,
UL7, UL11, UL13, UL14, UL31, UL34, UL41, UL46, UL50, Us3,
Us9, VP13/14, VP16, VP22, VP5, VP23, VP26, gB, gC, gD, G, gE,
gH, gN, and gM). For this study, we constructed recombinant
virus YK5019 (UL51-FEM), in which the UL51 C-terminal nucle-
otide was tagged with FEM (Fig. 1). We also constructed recom-
binant virus YK5020 (UL11-FEM), expressing FEM-tagged UL11,
which was used as a control for YK5019 (UL51-FEM). As shown in
Fig. 2A and B, Vero cells infected with YK5019 (UL51-FEM) or
YK5020 (UL11-FEM) expressed FEM-tagged UL51 or UL11, re-
spectively. Progeny virus titers in Vero cells infected with YK5019
(UL51-FEM) or YK5020 (UL11-FEM) at an MOI of 5 or 0.01 and
assayed at 18 or 48 h postinfection, respectively, were similar to
those in cells infected with wild-type HSV-1(F) (Fig. 2C and D),
indicating that tagging these viral proteins with FEM had no effect
on viral replication in Vero cells.

Vero cells were then infected with YK5019 (UL51-FEM) or
YK5020 (UL11-FEM) at an MOI of 5 for 18 h, lysed, and immuno-
precipitated with anti-myc antibody, and the immunoprecipitates
were immunoblotted with antibodies to various HSV-1 virion pro-
teins. These experiments identified two HSV-1 virion proteins, UL14
(Fig. 3A) and UL7 (data not shown), that coimmunoprecipitated
with FEM-tagged UL51 but not with FEM-tagged UL11 in HSV-1-
infected cells. As described above, UL7 has been reported to interact
with UL51 (29), and therefore we focused on UL14 in this study. We
noted that viral gE coimmunoprecipitated with both FEM-tagged
UL51 and FEM-tagged UL11 (data not shown), which was in agree-
ment with previous reports (25, 48).

To verify the interaction of UL51 with UL14 in wild-type HSV-
1-infected cells, two series of experiments were carried out. In the
first series of experiments, Vero cells were infected with wild-type
HSV-1(F) at an MOI of 5 for 18 h, lysed, immunoprecipitated
with anti-UL51, anti-UL50, or anti-UL14 antibody, and immuno-
blotted with anti-UL14, anti-UL50, and anti-UL51 antibodies. As
shown in Fig. 3B and C, anti-UL51 antibody coprecipitated both
UL14 and UL51, and in a reciprocal experiment, anti-UL14 anti-
body coprecipitated UL51 and UL14. In contrast, anti-UL50 pre-
cipitated UL50 but not UL14 or UL51. In the second series of exper-
iments, Vero cells infected with wild-type HSV-1(F) at an MOI of 5
for 18 h were fixed and analyzed by confocal microscopy with anti-
UL14 and anti-UL51 antibodies. In agreement with previous reports
(16, 26), both UL51 and UL14 were predominantly localized in jux-
tanuclear domains and colocalized in these domains (Fig. 3D). Taken
together, these results indicated that UL51 interacted with UL14 in
wild-type HSV-1-infected cells.

Identification of UL51 residues responsible for the interac-
tion with UL14. To map UL51 residues required for the interac-
tion with UL14, we carried out GST pulldown experiments using
various UL51 mutants (Fig. 4A). In agreement with the result
described above (Fig. 3A to C) that UL51 coprecipitated with
UL14 in lysates of HSV-1-infected cells, GST-UL51 was able to
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FIG 2 Characterization of the recombinant viruses expressing FEM-tagged
UL51 and ULL1. (A) Vero cells were mock infected or infected with wild-type
HSV-1(F) or YK5019 (UL51-FEM) at an MOI of 5 for 18 h and then analyzed
by immunoblotting (IB) with the indicated antibodies. (B) Vero cells were
mock infected or infected with wild-type HSV-1(F) or YK5020 (UL11-FEM) at
an MOI of 5 for 18 h and then analyzed by immunoblotting with the indicated
antibodies. (C and D) Vero cells were infected with wild-type HSV-1(F),
YK5019 (UL51-FEM), or YK5020 (UL11-FEM) atan MOI of 5 (C) or 0.01 (D).
Total virus from cell culture supernatants and infected cells was harvested at 18
h (C) or48 h (D) postinfection and assayed on Vero cells. Each data point is the
mean * standard error from the results of triplicate samples. Differences in
viral yields between HSV-1(F) and YK5019 (UL51-FEM) and between HSV-
1(F) and YK5020 (UL11-FEM) were not statistically significant by analysis of
variance (ANOVA) and Dunnett’s test. Data are representative of three inde-
pendent experiments.

pull down UL14 in the lysates of wild-type HSV-1(F)-infected
cells, but GST could not (Fig. 4B). As shown in Fig. 4A, UL51
contains seven putative a-helixes (I to VII) linked by random
coils (PSIPRED; bioinf.cs.ucl.ac.uk/psipred/); therefore, we
constructed a series of GST-UL51 deletion mutants to examine
the effect of each a-helix on UL51 interaction with UL14: GST-
UL51:12-170 containing a-helixes II to VII, GST-UL51:12-130
containing a-helixes IT to VI, GST-UL51:47-170 containing o-he-
lixes IV to VII, and GST-UL51:90-130 containing a-helix VI
pulled down UL14 (Fig. 4C). In contrast, GST-UL51:47-94 con-
taining o-helixes IV and V and GST-UL51:164-244 containing the
C-terminal domain of UL51 with no a-helix did not pull down
UL14 (Fig. 4C). These results indicated that the UL51 domain con-
taining a-helix VI (UL51:90-130) was necessary and sufficient for
ULS51 interaction with UL14 in these GST pulldown experiments.
In general, solvent-exposed hydrophobic and charged residues
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FIG 3 Interaction between UL51 and UL14 in HSV-1-infected cells. (A) Vero
cells were infected with YK5019 (UL51-FEM) or UK5020 (UL11-FEM) at an
MOI of 5 for 18 h, harvested, immunoprecipitated (IP) with anti-Myc anti-
body (a-Myc), and analyzed by immunoblotting (IB) with the indicated anti-
bodies. WCE, whole-cell extract. (B and C) Vero cells were infected with wild-
type HSV-1(F) at an MOI of 5 for 18 h, harvested, immunoprecipitated with
anti-UL50 or anti-UL51 antibody (B) or with anti-UL50 or anti-UL14 anti-
body (C), and analyzed by immunoblotting with the indicated antibodies. (D)
Vero cells were mock infected or infected with wild-type HSV-1(F) at an MOI
of 5, fixed at 18 h postinfection, permeabilized, stained with anti-UL51 and
anti-UL14 antibodies, and examined by confocal microscopy.

HSV-1(F

are important for protein-protein interactions (49). Therefore, we
focused on three hydrophobic residues (Leu-111, Ile-119, and
Tyr-123) in UL51 a-helix VI. These residues were predicted to be
in the same face of a-helix VI (http://heliquest.ipmc.cnrs.fr/).
Therefore, we constructed mutant GST-UL51:90-130LIY/AAA, in
which Leu-111, Ile-119, and Tyr-123 in GST-UL51:90-130 were
replaced with alanines (LIY/AAA) (Fig. 4A), and tested this mu-
tant in GST pulldown experiments. We noted that the LIY/AAA
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FIG 4 Mapping of UL51 domains required for UL51 interaction with UL14. (A) Schematic diagram of the UL51 gene product (top line), with its putative o-helix
domains (black boxes), and diagrams of GST-UL51, the GST-UL51 deletion mutants, and the GST-UL51:90-130LIY/AAA mutant. The level of binding of each
GST fusion protein to UL14 determined in the pulldown experiments shown in panels B and C is shown at the right of each protein. (B and C) The GST fusion
proteins shown in panel A were immobilized on glutathione-Sepharose beads and mock reacted or reacted with lysates of Vero cells that had been infected with
wild-type HSV-1(F) at an MOI of 5 for 18 h. The beads were washed extensively and divided into two parts. One part was analyzed by immunoblotting with
anti-UL14 antibody (top gels), and the other was electrophoretically analyzed in a denaturing gel and CBB stained (bottom gels). (D) Amount of UL14 pulled
down by GST, GST-UL51:90-130, or GST-UL51:90-130LIY/AAA shown in the top of panel C relative to those of the GST fusion protein shown in the bottom of
panel C. Each value is the mean =* standard error from three independent experiments and is expressed relative to the mean value of GST, which was normalized
to 100. Asterisks indicate significant differences: *, P < 0.05 (by two-tailed Student # test).

mutation in UL51 was predicted to have no obvious effect on
the secondary structure of a-helix VI. As shown in Fig. 4C and
D, the LIY/AAA mutation in GST-UL51:90-130 significantly re-
duced the interaction between UL51:90-130 and UL14 in these
experiments. In addition, alanine substitutions of three UL51
charged amino acid residues (Asp-106, Arg-110, and Asp-113),
which were predicted to be in the other face of a-helix VI (http:
//heliquest.ipmec.cnrs.fr/), had no effect on UL51 interaction with
UL14 in GST pulldown experiments (data not shown). These re-
sults indicated that UL51 residues Leu-111, Ile-119, and Tyr-123
were required for UL51 interaction with UL14.
Characterization of recombinant viruses carrying muta-
tion(s) in UL51 and/or UL14. To investigate the effects of the
interaction between UL51 and UL14 in HSV-1-infected cells, we
constructed and characterized UL51-null mutant virus YK5011
(AUL51), UL14-null mutant virus YK5015 (AULI14), UL51/
UL14-double null mutant virus YK5017 (AUL51/AUL14), re-
combinant virus YK5013 (UL51LIY/AAA) carrying the LIY/AAA
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mutations in UL51, and repaired viruses YK5012 (AUL51-repair),
YK5016 (AULI14-repair), YK5018 (AUL51/AUL14-repair), and
YK5014 (UL51LIY/AAA-repair) (Fig. 1). As expected, Vero cells
infected with wild-type HSV-1(F), YK5012 (AUL51-repair), or
YK5018 (AUL51/AUL14-repair) expressed UL51, but cells in-
fected with YK5011 (AUL51) or YK5017 (AUL51/AUL14) did not
(Fig. 5A and C). Vero cells infected with wild-type HSV-1(F),
YK5016 (AUL14-repair), or YK5018 (AUL51/AUL14-repair) ex-
pressed UL14, but those infected with YK5015 (AULI14) or
YK5017 (AUL51/AUL14) did not (Fig. 5B and C). Vero cells in-
fected with YK5013 (UL51LIY/AAA) produced UL51 as efficiently
as those infected with wild-type HSV-1(F) or YK5013 (UL51LIY/
AAA-repair) (Fig. 5A), indicating that the LIY/AAA mutations in
UL51 had no obvious effect on expression of UL51 in HSV-1-
infected cells.

We next examined the effects of the mutation(s) in UL51
and/or UL14 on expression of their neighboring genes. The results
were as follows.
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FIG 5 Effects of mutation(s) in UL51 and/or UL14 on expression of neigh-
boring genes. (A) Vero cells were mock infected or infected with wild-type
HSV-1(F), YK5011 (AUL51), YK5012 (AUL51-repair), YK5013 (UL51LIY/
AAA), or YK5014 (UL51LIY/AAA-repair) at an MOI of 5 for 18 h and then
analyzed by immunoblotting with the indicated antibodies. (B) Vero cells were
mock infected or infected with wild-type HSV-1(F), YK5015 (AUL14), or

8760 jviasm.org

Journal of Virology

First, Vero cells infected with wild-type HSV-1(F), YK5011
(AUL51), YK5012 (AUL51-repair), YK5013 (UL51LIY/AAA), or
YK5014 (UL51LIY/AAA-repair) produced similar levels of UL50
and UL52 (Fig. 5A).

Second, Vero cells infected with wild-type HSV-1(F), YK5015
(AUL14), or YK5016 (AUL14-repair) produced similar levels of
ULI5 (Fig. 5B).

Third, UL13 was detected in Vero cells infected with wild-type
HSV-1(F) but not in Vero cells infected with YK5015 (AUL14) or
YK5016 (AUL14-repair) (Fig. 5B). It has been reported that wild-
type HSV-1(F) is a mixture of at least two species: one carrying a
UL13 gene that expresses a UL13 polypeptide containing 518
amino acids and one carrying a UL13 gene with one C deletion in
a mononucleotide sequence of six Cs (50). This frameshift
changes the UL13 amino acid sequence downstream of amino
acid 118 and introduces a stop codon that truncates the protein at
residue 166 (50). Sequence analysis showed that HSV-1(F)-BAC,
pYEbac5002, which was cloned from wild-type HSV-1(F) and
used for construction of the recombinant viruses in this study, has
the same C deletion in UL13 described above (data not shown),
indicating that pYEbac5002 was derived from a virus species with
deletion in UL13 and that all recombinant viruses constructed in
this study have the same deletion in UL13 (Fig. 1). The monoclo-
nal anti-UL13 antibody used in this study was not able to recog-
nize the truncated UL13 expressed by the recombinant viruses
constructed for this study, because the anti-UL13 antibody was
raised against the UL13 domain that was predicted to be truncated
(40). Therefore, we were not able to investigate whether the UL14-
null mutation had an effect on UL13 expression in cells infected
with each of the recombinant viruses constructed in this study.

Fourth, Vero cells infected with wild-type HSV-1(F), YK5017
(AUL51/AUL14), or YK5018 (AUL51/AUL14-repair) produced
similar levels of UL50, UL52, and UL15 (Fig. 5C). In agreement
with the results described above (Fig. 5B), UL13 was not detected
in Vero cells infected with YK5017 (AUL51/AUL14) or YK5018
(AUL51/AUL14-repair) (Fig. 5C).

Collectively, these results indicated that the mutations in
UL51 and/or UL14 had no obvious effect on expression of their
neighboring genes (i.e., UL50, UL52, and UL15), but the effects
of the null mutation in UL14 on UL13 expression was not
determined. We should note that, in our previous report (35),
YK5002 reconstituted from pYEbac5002 was shown to retain
wild-type HSV-1(F) levels of replication in Vero cells. Simi-
larly, after infection of Vero cells with UL13-null mutant virus
R7356 (AUL13) at an MOI of 5 or 0.01, at 18 or 48 h postin-
fection, respectively, progeny virus production was at levels
similar to that of wild-type HSV-1(F) (data not shown). These
observations suggested that full-length and truncated UL13 ex-
pressed by two HSV-1 virus species played no obvious role in
viral replication in Vero cells.

Effect of the UL51 residues Leu-111, Ile-119, and Tyr-123 on
interaction between UL51 and UL14 in HSV-1-infected cells. To
confirm whether UL51 residues Leu-111, Ile-119, and Tyr-123 are

YK5016 (AUL14-repair) at an MOI of 5 for 18 h and then analyzed by immu-
noblotting with the indicated antibodies. (C) Vero cells were mock infected or
infected with wild-type HSV-1(F), YK5017 (AUL51/AUL14), or YK5018
(AUL51/AUL14-repair) (C) at an MOI of 5 for 18 h and then analyzed by
immunoblotting with the indicated antibodies.
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FIG 6 Effects of the UL51LIY/AAA mutations in UL51 on the interaction of
UL51 with UL14 in HSV-1-infected cells. Vero cells were infected with wild-
type HSV-1(F), YK5013 (ULS1LIY/AAA), YK5014 (UL51LIY/AAA-repair),
YK5011 (AUL51), or YK5015 (AUL14) at an MOI of 5 for 18 h, harvested,
immunoprecipitated with anti-UL51 (A) or anti-UL14 (B) antibody, and an-
alyzed by immunoblotting with anti-UL51 and anti-UL14 antibodies.

31—

involved in UL51 interaction with UL14 in HSV-1-infected cells,
Vero cells were infected with wild-type HSV-1(F), YK5013
(UL51LIY/AAA), YK5014 (UL51LIY/AAA-repair), YK5011
(AUL51), or YK5015 (AUL14), lysed at 18 h postinfection, immu-
noprecipitated with anti-UL51 or anti-UL14 antibody, and im-
munoblotted with anti-UL14 and anti-UL51 antibodies. In agree-
ment with the results shown in Fig. 3B, anti-UL51 antibody
precipitated UL51 and UL14 from lysates of Vero cells infected
with wild-type HSV-1(F) or YK5014 (UL51LIY/AAA-repair) (Fig.
6A). In contrast, although anti-UL51 antibody precipitated UL51
from lysates of cells infected with YK5013 (UL51LIY/AAA) as ef-
ficiently as from lysates of cells infected with wild-type HSV-1(F)
or YK5014 (UL51LIY/AAA-repair), anti-UL51 antibody did not
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precipitate UL14 in lysates of cells infected with YK5013
(UL51LIY/AAA) (Fig. 6A). In a reciprocal experiment, anti-UL14
antibody precipitated UL14 and UL51 from lysates of cells in-
fected with wild-type HSV-1(F) or YK5014 (UL51LIY/AAA-re-
pair), in agreement with the results in Fig. 3C, but did not precip-
itate UL51LIY/AAA from lysates of cells infected with YK5013
(UL51LIY/AAA) (Fig. 6B). Anti-UL14 antibody precipitated
UL14 from lysates of cells infected with YK5014 (UL51LIY/AAA-
repair) as efficiently as from lysates of cells infected with wild-type
HSV-1(F) or YK5013 (UL51LIY/AAA) (Fig. 6B). Anti-UL51 anti-
body did not precipitate UL51 or UL14 from lysates of cells in-
fected with YK5011 (AUL51) and anti-UL14 did not precipitate
UL51 or UL14 from lysates of cells infected with YK5015
(AUL14), although these infected cells produced UL14 and UL51
atlevels comparable to those in cells infected with wild-type HSV-
1(F) (Fig. 6). These results confirmed that anti-UL51 and anti-
UL14 antibodies specifically precipitated UL14 or UL51, respec-
tively, that were in a UL51-UL14 complex in lysates of wild-type
HSV-1(F)-infected cells. Also, in agreement with the results of the
GST pulldown experiments, UL51 residues Leu-111, Ile-119, and
Tyr-123 were required for the interaction between UL51 and
UL14 in HSV-1-infected cells.

Effects of mutations in UL51 and/or UL14 on their localiza-
tion in HSV-1-infected cells. To investigate the effects of the in-
teraction between UL51 and UL14 on their localization in HSV-
1-infected cells, we examined localization of UL51, UL14, and
ULS51LIY/AAA in Vero cells infected with wild-type HSV-1(F),
YK5015 (AUL14), YK5016 (AULI4-repair), YK5011 (AUL51),
YK5012 (AUL51-repair), YK5013 (UL51LIY/AAA), or YK5014
(UL51LIY/AAA-repair) at an MOI of 5 for 18 h by confocal mi-
croscopy. As shown above (Fig. 3D), UL51 and UL14 were pre-
dominantly localized at juxtanuclear domains in cells infected
with wild-type HSV-1(F), YK5016 (AULI14-repair), YK5012
(AULS51-repair), or YK5014 (UL51LIY/AAA-repair) (Fig. 7A). In
cells infected with YK5015 (AUL14), YK5011 (AUL51), or
YK5013 (UL51LIY/AAA), UL51 and UL14 were difficult to detect
by confocal microscopy (Fig. 7A), although these proteins were
easily detected by immunoblotting (Fig. 5 and 6). However, a
closer inspection showed that, in cells infected with YK5015
(AUL14) or YK5011 (AUL51), UL51 and UL14 were dispersed
throughout the cytoplasm, and the UL14 and UL51 aggregates in
the juxtanuclear domains observed in wild-type HSV-1(F)-in-
fected cells were not detected (Fig. 7A). In cells infected with
YK5013 (UL51LIY/AAA), the localization patterns of UL51LIY/
AAA and UL14 were similar to those of UL51 and UL14 in cells
infected with YK5015 (AUL14) or YK5011 (AUL51), respectively
(Fig. 7A). The UL14-null, UL51-null, and UL51LIY/AAA muta-
tions had no effect on the localization of UL11, another HSV-1
tegument protein, in infected Vero cells (Fig. 7B). In addition, the
UL13-null mutation had no effect on localization of UL51 and
UL14 in HSV-1-infected cells (Fig. 7A). These results indicated
that UL51 and UL14 were required for proper localization of each
other, and that UL51 residues Leu-111, Ile-119, and Tyr-123 were
necessary for both UL51 and UL14 to regulate proper localization
of each other in HSV-1-infected cells.

Effects of UL51, UL14, and UL51 residues Leu-111, Ile-119,
and Tyr-123 on HSV-1 replication. In earlier reports, the effects
of UL51 and UL14 on HSV-1 replication were investigated using
different HSV-1 strains (16, 25). To clarify the role of the interac-
tion between UL51 and UL14 in HSV-1 replication in infected
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FIG 8 Effects of mutation(s) in UL51 and/or UL14 on progeny virus yields. (A
and B) Vero cells were infected with HSV-1(F), YK5015 (AUL14), YK5016
(AUL14-repair), YK5011 (AUL51), YK5012 (AUL51-repair), YK5013 (UL51LIY/
AAA), YK5014 (UL51LIY/AAA-repair), YK5017 (AUL51/AUL14), or YK5018
(AUL51/AUL14-repair) at an MOI of 5 (A) or 0.01 (B). Total virus from cell
culture supernatants and infected cells was harvested at 18 h (A) or 48 h (B)
postinfection and assayed on Vero cells. Each data point is the mean * standard
error from the results for triplicate samples. Differences in viral yields between
HSV-1(F) and each of the mutant viruses were statistically significant by ANOVA
and Dunnett’s test (P < 0.05). Differences in viral yields between HSV-1(F) and
each of the repaired viruses were not statistically significant by ANOVA and Dun-
nett’s test. Data are representative of three independent experiments.

cells, we simultaneously examined the effect of the UL14-null,
UL51-null, and UL51LIY/AAA mutations on progeny virus yields
in Vero cells infected with wild-type HSV-1(F), YK5015 (AUL14),
YK5016 (AUL14-repair), YK5011 (AUL51), YK5012 (AUL51-re-
pair), YK5013 (UL51LIY/AAA), YK5014 (UL51LIY/AAA-repair),
YK5017 (AUL51/AUL14), or YK5018 (AUL51/AULI14-repair) at
an MOI of 5 or 0.01 for 18 h or 48 h, respectively. The progeny
virus yields in cells infected with YK5015 (AUL14), YK5011
(AUL51), YK5013 (UL51LIY/AAA), or YK5017 (AUL51/AUL14)
at an MOI of 5 (Fig. 8A) or 0.01 (Fig. 8B) were markedly reduced
compared to the yields in cells infected with wild-type HSV-1(F)
or the corresponding repaired viruses. In particular, all of these
mutations in UL51 and/or UL14 reduced progeny virus yields at
comparable levels (Fig. 8A and B).

These results indicated that UL51, UL14, and UL51 residues Leu-
111, Ile-119, and Tyr-123 were required for efficient HSV-1 replica-
tion in Vero cells. In particular, the level of the effects of these factors
on HSV-1 replication in Vero cells appeared to be comparable; there-
fore, UL51 and UL14 showed no synergistic effect.

Effects of mutations in UL51 and/or UL14 and UL51 residues
Leu-111,Ile-119, and Tyr-123 on HSV-1 morphogenesis. To deter-
mine the step(s) at which UL51, UL14, and their interaction act dur-
ing HSV-1 replication, we investigated viral morphogenesis by quan-
titating the number of virus particles at different morphogenetic
stages by electron microscopy of Vero cells infected with wild-type
HSV-1(F), YK5015 (AUL14), YK5016 (AULI14-repair), YK5011
(AUL51), YK5012 (AUL51-repair), YK5013 (UL51LIY/AAA),
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FIG 9 Effects of mutation(s) in UL51 and/or UL14 on HSV-1 secondary envel-
opment. Vero cells were infected with wild-type HSV-1(F), YK5015 (AUL14),
YK5016 (AUL14-repair), YK5011 (AUL51), YK5012 (AUL51-repair), YK5013
(UL51LIY/AAA), YK5014 (UL51LIY/AAA-repair), YK5017 (AUL51/AUL14),
YK5018 (AUL51/AUL14-repair), or R7356 (AUL13) at an MOI of 5, fixed at 18 h
postinfection, embedded, sectioned, stained, and examined by transmission elec-
tron microscopy. Black arrows indicate unenveloped capsids. White arrows indi-
cate partially enveloped capsids. Scale bar, 200 nm.

YK5014 (UL51LIY/AAA-repair), YK5017 (AUL51/AUL14),
YK5018 (AUL51/AUL14-repair), or R7356 (AUL13) at an MOI
of 5 for 18 h. As shown in Fig. 9 and Table 2, in cells infected with
YK5015 (AUL14), YK5011 (AULS51), YK5013 (UL51LIY/AAA),
or YK5017 (AUL51/AUL14), 11 to 12% of virus particles were
partially enveloped nucleocapsids in the cytoplasm. However,
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only 2 to 4% of virus particles were partially enveloped nucleocap-
sids in the cytoplasm of cells infected with wild-type HSV-1(F) or
the corresponding repaired viruses. In cells infected with wild-
type HSV-1(F), 9.3% of virus particles were unenveloped or
partially enveloped nucleocapsids in the cytoplasm, but in cells
infected with YK5015 (AUL14), YK5011 (AUL51), YK5013
(UL51LIY/AAA), or YK5017 (AUL51/AUL14), 38 to 44% of virus
particles were unenveloped or partially enveloped nucleocapsids
in the cytoplasm, which was 4 to 5 times more than in cells infected
with wild-type HSV-1(F) (Table 2). Wild-type levels of unenvel-
oped and partially enveloped nucleocapsids in the cytoplasm were
restored in cells infected with each of the corresponding repaired
viruses (Table 2). In contrast, in cells infected with wild-type
HSV-1(F), 40% of virus particles were enveloped virions in the
cytoplasm and extracellular space, but in cells infected with
YK5015 (AUL14), YK5011 (AUL51), YK5013 (UL51LIY/AAA),
or YK5017 (AUL51/AUL14), the percentage of virus particles that
were enveloped virions in the cytoplasm and extracellular space
decreased to 9 to 15%, which was 2.6- to 4.4-fold less than that in
cells infected with wild-type HSV-1(F) (Table 2). Wild-type levels
of enveloped virions in the cytoplasm and extracellular space were
restored in cells infected with the corresponding repaired viruses
(Table 2). The fraction of total virus particles in the nucleus and
perinuclear space in cells infected with wild-type HSV-1(F),
YK5015 (AUL14), YK5011 (AULS51), YK5013 (UL51LIY/AAA),
or YK5017 (AUL51/AUL14) was comparable (i.e., 43 to 51%)
(Table 2). In addition, these data confirmed that the UL13-null
mutation had no effect on virion morphogenesis in Vero cells (Fig.
9 and Table 2). These results indicated that the mutations in UL51
and/or UL14 induced comparable levels of aberrant accumulation
of unenveloped capsids and partially enveloped nucleocapsids in
the cytoplasm.

DISCUSSION

Affinity purification of tagged UL51 from HSV-1-infected Vero
cells coupled with immunoblotting of the purified UL51 com-
plexes with antibodies to various HSV-1 virion proteins identified
a putative interaction between tegument proteins UL51 and UL14
in HSV-1-infected cells. This interaction was confirmed by recip-
rocal coimmunoprecipitation and immunofluorescence micros-
copy studies of wild-type HSV-1(F)-infected cells and by GST
pulldown experiments. Further GST pulldown and coimmuno-
precipitation experiments using UL51 mutants identified Leu-
111, Ile-119, and Tyr-123 in putative UL51 a-helix VI as the res-
idues required for UL51 interaction with UL14 in HSV-1-infected
cells. These results indicated that UL51 binding to UL14 in HSV-1-
infected cells involved UL51 residues Leu-111, Ile-119, and Tyr-123.
However, the mutation analyses in this study could not eliminate
the possibility that UL51 residues Leu-111, Ile-119, and Tyr-123
were not the UL51 binding sites for UL14 but that the UL51LIY/
AAA mutation caused global misfolding of UL51 that masked an
unidentified binding site(s) for UL14, so that the UL51LIY/AAA
mutant was not able to interact with UL14.

We have shown here that the UL51-null mutation reduced
viral replication and affected virion morphogenesis in the cyto-
plasm of infected cells at levels comparable to those of the UL14-
null mutation and the UL51/UL14 double null mutation. The
phenotypes in virion morphogenesis, including aberrant accumu-
lation of unenveloped and partially enveloped virions and the lack
of enveloped virions in the cytoplasm and extracellular space, have
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TABLE 2 Effects of the mutations in UL51 and/or UL14 on the distribution of viral particles in HSV-1-infected Vero cells

% of virus particles in morphogenetic stage (no. of particles in stage)

Enveloped virions ~ Unenveloped Enveloped
Capsidsin  in perinuclear capsids in Partially enveloped virions in Extracellular Total no. counted

Virus nucleus space cytoplasm capsids in cytoplasm  cytoplasm enveloped virions  (particles/cells)
HSV-1(F) 44.0 (521) 6.8 (81) 5.2 (62) 4.1 (49) 15.8 (187) 24.1 (285) 1,185/8
AUL14 38.4 (308) 4.6 (37) 29.8 (239) 11.8 (95) 8.3 (67) 7.1 (57) 803/8
AUL14-repair 39.8 (449) 4.5 (51) 11.0 (124) 3.5 (39) 21.3 (240) 19.9 (224) 1,127/8

AUL51 38.0 (353) 7.3 (68) 30.0 (278) 12.1 (112) 4.2 (39) 8.4 (78) 928/8
AUL51-repair 429 (438) 7.1(73) 8.9 (91) 1.7 (17) 17.1 (175) 22.2(227) 1,021/8
ULS51LIY/AAA 45.8 (352) 3.0(23) 26.3 (202) 12.0 (92) 5.5 (42) 7.5 (58) 769/8
UL5S1LIY/AAA-repair  36.9 (404) 9.1 (100) 10.0 (109) 3.7 (41) 18.4 (202) 21.8 (239) 1,095/8
AUL51/AUL14 43.2(328) 3.6(27) 32.8 (249) 11.3 (86) 3.6 (27) 5.5 (42) 759/8
AUL51/AUL14-repair  39.8 (382) 5.3 (51) 8.3 (80) 1.7 (16) 18.2 (175) 26.6 (255) 959/8

AUL13 48.1 (494) 5.4 (55) 5.2 (53) 3.1(32) 17.7 (182) 20.5 (210) 1,026/8

been suggested to reflect a block in a process(es) for viral second-
ary envelopment (27, 28, 51). The results in this study indicated
that UL51 and UL14 acted in the same HSV-1 secondary envelop-
ment pathway during HSV-1 replication. In addition, we pre-
sented data that the UL51LIY/AAA mutation, which was shown to
prevent the interaction of UL51 with UL14, exhibited a phenotype
identical to that observed with the UL51-null and UL14-null mu-
tations, and the effect of this phenotype was comparable to the
null mutations in UL51 and UL14. Taken together, all of these
results suggested that UL51 and UL14 formed a complex in HSV-
1-infected cells, and this complex regulated viral secondary envel-
opment for efficient viral replication. The UL51-UL14 complex
likely anchors the cytoplasmic membrane and interacts with viral
envelope glycoprotein gE and capsid proteins VP26 and VP19C
(25, 52, 53); therefore, the UL51-UL14 complex may facilitate
viral secondary envelopment by bridging the nucleocapsid and the
cytoplasmic membrane via these interactions. Since this conclu-
sion was based on experiments with the UL51LIY/AAA mutation,
we cannot eliminate the possibility that UL14 regulated viral second-
ary envelopment upstream or downstream of UL51 in the same path-
way and/or that the phenotype observed with the UL51LIY/AAA mu-
tation was due to global misfolding of UL51 caused by the amino acid
substitutions that may have impaired the function of UL51 rather
than preventing UL51 interaction with UL14.

It has been reported that interaction between UL36 and UL37
was required for HSV-1 secondary envelopment (20), like the in-
teraction between UL51 and UL14 shown in this study. Thus far,
the mechanism by which the UL36-UL37 complex acts in HSV-1
secondary envelopment has not been directly addressed. How-
ever, it is likely that the UL36-UL37 complex does not regulate
viral secondary envelopment itself but promotes nucleocapsid
transport to sites in the cytoplasm for HSV-1 secondary envelop-
ment. This proposal is based on previous reports that: (i) cytoplas-
mic nucleocapsids were transported along microtubules to the
sites for viral secondary envelopment (54, 55), (ii) the UL36-UL37
complex appeared to be a bridge between nucleocapsids and mi-
crotubule motors (56, 57), (iii) nucleocapsids of either the UL36-
null or UL37-null mutant virus showed reduced ability to be
transported in the cytoplasm (54, 55), and (iv) nucleocapsids of a
UL36-null mutant virus, a UL37-null mutant virus, or a UL36
mutant virus with the deletion of a minimal domain required for
UL37 binding did not associate with cytoplasmic membranes (11,
12, 20). In this study, we showed that mutations in UL51 and/or
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UL14 accumulated not only unenveloped nucleocapsids, as ob-
served with the mutations in UL36 or UL37 (11, 12), but also
partially enveloped nucleocapsids that appeared to be arrested at
the membrane deformation stage during HSV-1 cytoplasmic bud-
ding. This was not observed with the mutations in UL36 and UL37
(11, 12). Therefore, unlike the UL36-UL37 complex, the UL51-
UL14 complex appeared to directly regulate viral secondary envel-
opment at cytoplasmic membranes.

In this study, we found that UL14 became difficult to detect by
confocal microscopy in the absence of UL51 in HSV-1-infected
cells, and UL51 became difficult to detect in the absence of UL14
in HSV-1-infected cells, although these proteins were easily de-
tected by immunoblotting. Similarly, the LIY/AAA mutation in
UL51 made it difficult to detect both UL51 and UL14 in HSV-1-
infected cells by confocal microscopy. These results indicated that
UL51 and UL14 were required for proper antigenic properties of
UL14 and UL51, respectively, and the UL51 residues Leu-111,
Ile-119, and Tyr-123 were required for proper antigenic proper-
ties of both UL51 and UL14 in HSV-1-infected cells. Taking these
results together, the interaction between UL51 and UL14 ap-
peared to affect the folding properties of these viral proteins in
HSV-1-infected cells. In addition, the UL14-null mutation and
the UL51LIY/AAA mutation appeared to reduce the solubility of
the slower migrating form of UL51 (Fig. 6). Collectively, these
results suggested that the interaction between UL51 and UL14 was
required for proper folding of these viral proteins in HSV-1-in-
fected cells. In agreement with this possibility, it has been reported
that interaction between HSV-1 envelope glycoproteins gH and
gL was required for proper folding, posttranslational processing,
and localization of gH (58).

In conclusion, we have analyzed the interaction between
HSV-1 tegument proteins UL51 and UL14, which appeared to be
important for viral secondary envelopment. This is the first report
showing that an interaction between HSV-1 virion proteins di-
rectly regulated viral secondary envelopment. As described above,
HSV-1 UL51 and UL14 are conserved throughout the Herpesviri-
dae family (1), raising the interesting possibility that complexes of
UL51 and UL14 homologues in other herpesviruses regulate viral
secondary envelopment. In support of this possibility, it has been
reported that UL51 homologs in alphaherpesvirus PRV and beta-
herpesvirus HCMV are involved in viral secondary envelopment
(27, 28). However, the HSV-1 UL51 domain and amino acid res-
idues required for interaction with UL14 are conserved in alpha-
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HSV-1 92LEAPT-IDGAVAAHQODKMRRIADTCMATILOMYMSVGAAD:130
HSV-2 93:LEGST-IDGAVAAHRDKMRRIJADTCMATILOMYMSVGAAD:131

¢ PRV 83:SGDD- AAH RIADTCLAAL SVGilDiUl
VZV 94 TEDNP DMCL. SVGAND:133
B HCMV  120:L ADSLEE T, -—MVE| MG :157
MCMV 155 LEEL TL DE SVERLLE = CEMGRIfR 192

EBV 120LAVSGIE——M NG- ) --gE EMEKUAR 154
Y | ksuv 1S LAV-- ITVDDIA RAGECVS- EMEKLAM:151

FIG 10 Sequence alignment of the UL51 homologs in HSV-1 helix VI in
members of the three herpesvirus subfamilies. HSV-2, herpes simplex virus 2;
VZV, varicella-zoster virus; MCMV, murine cytomegalovirus; EBV, Epstein-
Barr virus; KSHV, Kaposi’s sarcoma-associated herpesvirus. HSV-1, HSV-2,
VZV, and PRV are in the subfamily Alphaherpesvirinae, HCMV and MCMV
are in the Betaherpesvirinae, and EBV and KSHV are in the Gammaherpesviri-
nae. The residues conserved in at least two herpesviruses are in light, medium,
or dark shading. The HSV-1 residues required for interaction with UL14 and
the corresponding residues of other herpesviruses are boxed.

herpesviruses but not in beta- and gammaherpesviruses (Fig. 10).
Further studies will be needed to clarify whether interactions be-
tween herpesvirus UL51 and UL14 homologues regulate viral sec-
ondary envelopment, like the interaction between UL34 and UL31
homologues in viral primary envelopment (3, 4).
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