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The UL56 gene product of herpes simplex virus (HSV) has been shown to play an important role in viral
pathogenicity. However, the properties and functions of the UL56 protein are little understood. We raised
rabbit polyclonal antisera specific for the UL56 protein of HSV type 2 (HSV-2) and examined its expression and
properties. The gene product was identified as three polypeptides with apparent molecular masses ranging
from 32 to 35 kDa in HSV-2-infected cells, and at least one species was phosphorylated. Studies of their origins
showed that the UL56 protein of HSV-2 is also translated from the upstream in-frame methionine codon that
is not present in the HSV-1 genome. Synthesis was first detected at 6 h postinfection and was not abolished by
the viral DNA synthesis inhibitor phosphonoacetic acid. Indirect immunofluorescence studies revealed that the
ULS56 protein localized to both the Golgi apparatus and cytoplasmic vesicles in HSV-2-infected and single
ULS6-expressing cells. Deletion mutant analysis showed that the C-terminal hydrophobic region of the protein
was required for association with the cytoplasmic membrane and that the N-terminal proline-rich region was
important for its translocation to the Golgi apparatus and cytoplasmic vesicles. Moreover, the results of
protease digestion assays and sucrose gradient fractionation strongly suggested that UL56 is a tail-anchored
type II membrane protein associated with lipid rafts. We thus hypothesized that the UL56 protein, as a

tail-anchored type II membrane protein, may be involved in vesicular trafficking in HSV-2-infected cells.

Herpes simplex virus (HSV) is a large, enveloped DNA virus
with a genome encoding at least 74 different genes (15, 34), of
which approximately half are not essential for viral replication
in cell culture (33). However, these dispensable gene products
are thought to be important for viral growth and spread in
natural hosts.

The ULS56 gene is located in the right end of the unique
region of the HSV genome and has no homolog in other
herpesviruses (1, 14, 30, 45), suggesting that this gene product
may play a unique role in HSV infection. According to nucle-
otide sequences, the HSV type 2 (HSV-2) UL56 gene is pre-
dicted to encode a protein of 235 amino acids containing a
C-terminal hydrophobic domain (20, 29). Although the UL56
gene is not required for growth in vitro, lack of the UL56 gene
product abrogates the pathogenicity of HSV-1 in vivo (2, 3, 32,
36, 37, 39). It has also been shown that HSV-1 ULS56 protein
associates with virions (21) and that the C-terminal hydropho-
bic region of the UL56 protein is important for the pathoge-
nicity of HSV-1 (19). However, the precise function of this
protein remains unknown.

Both the HSV-1 and HSV-2 ULS56 proteins possess a C-
terminal 17-amino-acid stretch of uncharged or hydrophobic
amino acids that are bracketed by several charged amino acids
and are predicted to be anchored in the membrane, although
there is no indication of an N-terminal hydrophobic signal
sequence (29). These are features of tail-anchored type II
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membrane proteins (26). The members of this class of non-
conformist membrane proteins have no signal sequence, but
instead possess a hydrophobic segment near the C terminus
that orients them with their N termini in the cytoplasm.

In the present study, we expressed the HSV-2 UL56 open
reading frame in bacteria as a glutathione-S-transferase (GST)
fusion protein and prepared an HSV-2 ULS56-specific anti-
serum in rabbits to characterize the UL56 protein. Our obser-
vations suggested that UL56 protein was a tail-anchored type
II membrane protein targeted to the Golgi component and
cytoplasmic vesicles in both infected and transfected cells. Fur-
thermore, we found that a significant amount of UL56 associ-
ated with lipid rafts, Triton X-100-insoluble membrane mi-
crodomains (43) that have received much attention as
potential regulators and organizing centers for signal transduc-
tion and membrane traffic pathways (10, 43). Lipid rafts are
enriched in cholesterol and glycosphingolipids, and because of
the high melting temperature of their sphingolipids, rafts are
resistant to Triton X-100 solubilization at low temperatures
(9). Although little is known about the role of these microdo-
mains, it has been suggested that lipid rafts perform a key role
in the sorting of certain membrane proteins in polarized epi-
thelial cells (48). Taken together with the fact that many tail-
anchored type II membrane proteins are involved in vesicular
transport, there is a possibility that the UL56 protein is in-
volved in vesicular transport in HSV-infected cells.

MATERIALS AND METHODS

Cells and viruses. Vero cells, a stable line of African green monkey kidney
cells, were grown in Eagle’s minimal essential medium (MEM) supplemented
with 5% calf serum, 100 TU of penicillin per ml and 100 pg of streptomycin per
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ml. Cos-1 cells were grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum.

Wild type HSV-1 strain KOS and HSV-2 strain 186 were used in this study.
Viruses were propagated and titers were determined on Vero cells. Vero cells
were infected at a multiplicity of infection (MOI) 3 of PFU per cell.

DNA manipulation. The UL56 open reading frame is located between nucle-
otide positions 117075 and 117782 of the HSV-2 genome (15). The UL56 coding
sequences were cloned by PCR amplification from HSV-2 HindIII fragment D
(47) by using UL56f (CCGGAATTCATGGCGTTGGGGGCTGGGCAT) as
the forward primer and UL56r (ATCACTCGAGTTACCGCCAAAGGAAGG
CCAA) as the reverse primer. EcoRI and Xhol sites were incorporated into the
forward and reverse primers, respectively, to facilitate cloning. The PCR product
was digested with EcoRI and Xhol and cloned into pGEX-4T-1 (Amersham
Pharmacia) to give plasmid pGEX-UL56. The expression of the GST-ULS56
fusion protein is regulated by the isopropyl-p-p-thiogalactopyranoside (IPTG)-
inducible lac operator and the fac promoter. Translation is expected to terminate
at the UL56 stop codon. Plasmid pGEX-ULS56 was transformed into Escherichia
coli strain XL1-Blue, which, following induction with IPTG, expressed large
quantities of the GST-ULS56 fusion protein.

The expression plasmid pcDNA-UL56 was constructed for expression of the
ULS56 gene in cultured cells. To construct pcDNA-ULS56, the ULS56 coding
sequence was amplified by PCR with the primers UL56fHind (CCGAAGCTT
ATGGCGTTGGGGGCTGGGCAT) and ULS56r from pGEX-UL56. A HindIII
site was incorporated into UL56fHind. The PCR product was digested with
HindIII and Xhol and cloned into pcDNA3.1(+).

The expression plasmid pcDNA-UL56-10M was constructed for expression of
the UL56 gene from 30 bp upstream of UL56 open reading frame. To construct
this plasmid, UL56 coding sequence was amplified by PCR with the primers
UL56f-10M (CCGAAGCTTATGCAGGCTTCTGAGCCGCGA) and ULS6r
from the HSV-2 genome. A HindlII site was incorporated into UL56f-10M. The
PCR product was digested with HindIll and Xhol and cloned into
pcDNA3.1(+).

Construction of deletion mutants of UL56 protein. Plasmids pcDNA-UL56F1,
pcDNA-UL56F2, pcDNA-UL56F3, pcDNA-UL56F4, pcDNA-ULS56RI,
pcDNA-UL56R2, pcDNA-ULS56R3, pcDNA-UL56R4, pcDNA-UL56RS, and
pcDNA-ULS56R6 were constructed for expression of N-terminal and C-terminal
deletion mutants of the UL56 protein. The forward PCR primer for the C-
terminal deletion plasmids was UL56fHind. The reverse primers were UL56r1
(CGCCTCGAGTTAATGACGACACGTCCCGCCACA), UL56r2 (CGCCTC
GAGTTACGTGCGCGAGCTTTGCACGCG), UL56r3 (CGCCTCGAGTTA
GGCGTAGGTGGGGGGGCGATC), UL56r4 (CGCCTCGAGTTAGCCTCC
CACGCCAGGGTGGGC), UL56r5 (CGCCTCGAGTTACTCCACAAACAA
CCCCCCTGG), and UL56r6 (CGCCTCGAGTTACCGGCGCCGCGCCCGT
CGTTC). An Xhol site was incorporated into the reverse primers. The forward
primers for N-terminal deletion mutants were UL56f1 (CGAAGCTTATGGA
CGCCCCGCCCCCATACGAG), UL56f2 (CGAAGCTTATGTTTGTCGTTA
TTGATATCGAC), UL56f3 (CGAAGCTTATGACGTCGCCGGTTGGGCTT
GTT), and UL56f4 (CGAAGCTTATGCGTGGCCGCTCGCGCCGCGCC). A
HindIII site was incorporated into the forward primers. The reverse primer was
ULS56r. The PCR products were ligated into pcDNA3.1(+).

Plasmid pcDNA-ULS6KPN, which encodes a UL56 protein that lacks amino
acids 69 to 110, was constructed to express the internal deletion UL56 protein
mutant. The N-terminal region, which is encoded between nucleotides 1 and 196
of the UL56 open reading frame, was amplified by PCR with primers UL56fHind
and UL56kpnD (CGCCGGTACCGGAAGAAGCCGGTGAAAC). The C-ter-
minal region, which is encoded between nucleotides 331 and 708 of the UL56
open reading frame, was amplified by PCR with primers UL56kpnR (TGTGG
GTACCCCCCTGTTTCTACCGGAA) and ULS6r. A Kpnl site was incorpo-
rated into primers UL56kpnD and UL56kpnR. The PCR product of the N-
terminal region was digested with HindIIl and Kpnl and cloned into
pcDNA3.1(+) to give pcDNA-UL56KPN-D. The PCR product of the C-termi-
nal region was digested with Kpnl and Xhol and cloned into pcDNA-
ULS56KPN-D to give pcDNA-UL5S6KPN.

Plasmid pEGFP-ULS56Ct1 was constructed to express the fusion of the en-
hanced green fluorescence protein (EGFP) and the C-terminal hydrophobic
region and flanking charged residues of the UL56 protein. To construct this
plasmid, nucleotides 643 to 708 of the UL56 gene were amplified by PCR with
primers UL56Cterml (TCGAAGATCTCGTCATGCGGTTTTTGGG) and
ULS56r. A BglII site was incorporated into UL56Cterm1. The PCR product was
digested with Bg/II and Xhol and cloned into pEGFP-C1 (Clontech).

Plasmid transfection. Cells were transfected by using the Lipofectamine re-
agent according to the protocols recommended by the supplier (Gibco-BRL).
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Preparation of polyclonal antisera. Antisera were produced in two rabbits by
immunization with emulsion containing approximately 0.6 mg of E. coli-ex-
pressed GST-ULS56 fusion protein, which was purified with the PrepCell system
(Bio-Rad), in Freund’s complete adjuvant. Rabbits were immunized by subcu-
taneous injection into the shaven back; 0.6 mg of purified protein in the same
adjuvant was used for each of three subsequent booster injections given at
2-week intervals after the primary injection. Two weeks after the last immuni-
zation, blood was collected from the heart.

Western blotting. Mock-infected and HSV-2-infected or -transfected cell ly-
sates were electrophoretically separated on sodium dodecyl sulfate (SDS)-poly-
acrylamide gels and electrically transferred to Immobilon polyvinylidene difluo-
ride membranes (Millipore). Nonspecific protein binding was blocked by treating
membranes at 4°C overnight with phosphate-buffered saline (PBS) containing
0.05% Tween 20 and 3% bovine serum albumin. The membranes were washed
twice with PBS containing 0.05% Tween 20 and incubated at 37°C for 1 h with
either a 1:5,000 dilution of anti-UL56 serum, a 1:5,000 dilution of anti-UL34
serum (42), a 1:500 dilution of anti-y-adaptin monoclonal antibody (BD-Trans-
duction), a 1:500 dilution of anti-LAMP-1 monoclonal antibody (BD-Transduc-
tion), or a 1:1,000 dilution of anti-caveolin 1 monoclonal antibody (BD-Trans-
duction) in PBS containing 0.05% Tween 20. After washing three times with PBS
containing 0.05% Tween 20, the membranes were incubated with a 1:1,000
dilution of either peroxidase-labeled anti-rabbit or anti-mouse immunoglobulin
second antibody (New England Biolabs) at 37°C for 1 h. The membranes were
then washed three times with PBS containing 0.05% Tween 20, treated with
either the ECL or the ECL Plus Western blotting detection system (Amersham
Pharmacia), and exposed to Hyperfilm-ECL (Amersham Pharmacia).

Indirect immunofluorescence. Cells grown on cover slips in 35-mm dishes were
subjected to indirect immunofluorescence. Mock-infected or HSV-2-infected or
-transfected cells were washed with PBS and fixed in either cold acetone for 5
min or 4% paraformaldehyde at 4°C for 45 min. After fixation with paraformal-
dehyde, cells were permeabilized with 0.05% Triton X-100 in PBS at 4°C for 45
min. HSV-2-infected cells were treated with 20% goat serum for 1 h at room
temperature to block any nonspecific antibody reaction. Primary antibodies were
used at a dilution of 1:200 (anti-UL56), 1:100 (anti-EEA1) (BD-Transduction),
or 1:50 (anti Golgi-58K-protein) (Sigma). After 30 min at 37°C, cover slips were
washed thoroughly in PBS and labeled with fluorescein isothiocyanate (FITC)-
conjugated goat anti-rabbit immunoglobulin G (IgG) (MBL) or tetramethyl
rhodamine isothiocyanate (TRITC)-conjugated goat anti-mouse IgG (Sigma) for
30 min at 37°C. After rinsing again with PBS, the cover slips were quickly
mounted onto glass slides with Perma Fluor (Immunon) and subsequently ana-
lyzed with a Zeiss LAM510 laser scanning microscope.

Metabolic labeling. For [**S]methionine labeling, after two washes with me-
thionine-free MEM, mock-infected or HSV-2-infected Vero cells were incubated
for 30 min at 37°C in methionine-free MEM containing 5% calf serum and
labeled with 50 wCi of methionine per ml. For [**P]orthophosphate labeling,
mock-infected or HSV-2-infected Vero cells were labeled with 1 mCi of
[3?PJorthophosphate per ml. Cells were labeled from 6 to 18 h postinfection (p.i.)
or labeled for 30 min from 9 h p.i. and then chased in complete medium for 150
min.

Immunoprecipitation. At the end of the chase, the cells were quickly chilled by
being placed on ice and treated with ice-cold PBS. Immunoprecipitation was
performed under denaturing conditions. In brief, the radiolabeled cells were
lysed in ice-cold radioimmunoprecipitation assay (RIPA) buffer (10 mM Tris-
HCI [pH 7.4], 1% NP-40, 0.1% SDS, 0.1% deoxycholate, 0.15 M NaCl, 1 mM
EDTA) containing a protease inhibitor cocktail (Sigma). The lysates were pre-
cleared with protein A-Sepharose 6MB (Amersham Pharmacia) and immuno-
precipitated with anti-UL56 serum and protein A-Sepharose 6MB. The Sepha-
rose beads were washed in RIPA buffer seven times to remove nonspecific
adsorbed proteins. Immunoprecipitates were eluted from the beads by boiling in
2X SDS sample buffer (125 mM Tris-HCI [pH 6.8], 20% glycerol, 4% SDS, 10%
2-mercaptoethanol). Then antigens were separated by SDS-polyacrylamide gel
electrophoresis (PAGE). After the gels were fixed with 10% acetic acid and 10%
methanol and dried, protein bands were visualized with the Fujix Bio-Imaging
Analyzer BAS2000 system (Fuji Photo Film Co., Ltd., Tokyo, Japan).

Alkaline floatation. Membrane anchoring was examined by the alkaline floa-
tation method. Cells were scraped into reticulocyte standard buffer (RSB; 10 mM
Tris-HCI [pH 7.4], 10 mM NaCl, 1.5 mM MgCl,) containing a protease inhibitor
cocktail (Sigma). Cells were homogenized with 20 strokes with a Dounce ho-
mogenizer, and then an equal volume of either RSB, RSB containing 0.2 M
Na,CO; (pH 11.0), or RSB containing 2% Triton X-100 was added to aliquots
of cell lysates. The mixtures were incubated for 30 min on ice and then centri-
fuged at 38,000 rpm in a Beckman TLS55 rotor for 30 min at 4°C. At the end of
centrifugation, the supernatant was carefully removed from the pellet. After the
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pH of the Na,CO; supernatant was adjusted to between 7 and 8, samples were
separated by SDS-PAGE and analyzed by Western blotting with anti-UL56
serum. The amount of proteins present in each fraction was then quantitated
with an ATTO Lane Analyzer, version 3.

Sucrose gradient fractionation. HSV-2-infected Vero cells were washed twice
in ice-cold PBS and once in 25 mM MES (morpholinepropanesulfonic acid)-150
mM NaCl, pH 6.5 (MBS). The cells were then resuspended in 2 ml of 1% Triton
X-100 in MBS supplemented with a protease inhibitor cocktail (Sigma) and
incubated at 4°C for 20 min. The solubilized cells were homogenized with 10
strokes of a Dounce homogenizer, and 1.25 ml of the homogenate was added to
an equal volume of 80% (wt/vol) sucrose in MBS. The solubilized cells (in 40%
sucrose) were overlaid successively with 5 ml of 30% sucrose and 3.5 ml of 5%
sucrose. After centrifugation at 240,000 X g in a Hitachi P40ST rotor for 18 h,
0.5-ml fractions were collected, carefully so not to disrupt the pellet, from the
bottom of the gradient (designated fractions 1 [bottom]| through 22 [top]) and
immediately supplemented with the protease inhibitor cocktail. The pellet was
resuspended in 0.5 ml of MBS and designated fraction P. These fractions were
then separated by SDS-PAGE and analyzed by Western blotting with anti-UL56
serum. The amount of proteins present in each fraction was then quantitated
with an ATTO Lane Analyzer, version 3.

Protease digestion assay. HSV-2-infected cells, isolated virions, or pcDNA-
ULS56 transfected cells were scraped into RSB supplemented with protease
inhibitor cocktail to prevent proteolysis by cellular proteases. After the cells were
homogenized by 10 strokes with a glass homogenizer, proteinase K (TaKaRa)
was added to cell homogenates in the presence or absence of 1% Triton X-100.
After incubation for 30 min at room temperature, phenylmethylsulfonyl fluoride
was added to each sample to a final concentration of 2 mM to inhibit further
proteolysis. Samples were then separated by SDS-PAGE and analyzed by West-
ern blottlng Wlth anti-ULS56 serum.

Tr imm lectron microscopy and immunolabeling. For trans-
mission immunoelectron microscopy, HSV-2-infected Vero cells were fixed in
periodate-lysine-paraformaldehyde fixative for 30 min at room temperature. The
samples were then scraped and dehydrated through a graded series of ethanol
and embedded in Lowicryl K4M (Polyscience, Inc.). Thin sections were cut and
mounted on 2% collodion-coated nickel grids. Postembedding labeling of ultra-
thin sections was performed after blocking of surfaces with 5% normal goat
serum in PBS containing 1% bovine serum albumin for 1 h at room temperature
and 2 h of incubation at room temperature with anit-UL56 serum diluted in PBS
containing 1% bovine serum albumin. Diluted gold-tagged goat anti-rabbit IgG
antibodies (British BioCell International, Cambridge, United Kingdom) were
added for 1 h at room temperature, and excess antibodies were removed by
washing. Ultrathin immunolabeled sections were stained with Leynol’s lead ci-
trate and uranyl acetate (2%) and examined at 100 kV in an H-7100 (Hitachi)
transmission electron microscope.

RESULTS

Hydrophobicity plot of UL56. The UL56 protein contains
three domains that would be useful for identifying the function
of the protein. The first is a proline-rich region at the N
terminus of the protein that is negatively charged. The second
is an arginine-rich region (amino acids 76 to 100). In the
HSV-2 UL56 protein, this region contains 60% arginine and
28% alanine residues, and alanine residues occur at three or
four other positions. The third is a C-terminal hydrophobic
region (amino acids 217 to 233). A Kyte and Doolittle hydro-
phobicity plot of ULS6 revealed that the C-terminal hydropho-
bic region reached the threshold value of 1.6, which is generally
used as a criterion for prediction of transmembrane domains
(Fig. 1C). Programs which predict putative transmembrane
domains according to the algorithms of Klein et al. (23) or
Kyte and Doolittle (27) indeed classified UL56 as an integral
membrane protein with a single transmembrane domain at its
C terminus, but no N-terminal cleavable signal sequence was
observed. These are the features of tail-anchored type II mem-
brane proteins.

Preparation and specificity of HSV-2 UL56 antiserum. To
characterize the UL56 gene product, we first generated anti-
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FIG. 1. (A) Schematic representation of the HSV-2 genome, show-
ing the UL56 gene. The HSV genome is shown with its unique long
(UL) and unique short (US) regions. The arrows indicate the open
reading frames. (B) Amino acid sequence of the HSV-2 UL56 open
reading frame. The arginine-rich region is underlined. The putative
transmembrane domain is shown as a hatched box, and the surround-
ing basic residues are indicated (+). (C) Hydrophobicity plot of UL56
using the algorithm described by Kyte and Doolittle (27). The window
size used is 21 amino acids. The predicted transmembrane domain is
highlighted.

ULS56 rabbit sera by using a recombinant HSV-2 ULS56 fusion
protein as the antigen. For this purpose, plasmid pGEX-UL56
was constructed as described in Materials and Methods, and
the ULS56 fusion protein was expressed in E. coli by treatment
with IPTG and then purified with the PrepCell system (Bio-
Rad) (Fig. 2A). Using Western blotting analysis to examine the
reactivity and specificity of the antisera (Fig. 2B), we found
that one of the antisera reacted strongly with 35-, 34-, and
32-kDa proteins in HSV-2-infected Vero cell lysates. Some-
times the 31- and 30-kDa proteins were also detectable (data
not shown). The antiserum recognized those proteins in HSV-
2-infected cell lysates (Fig. 2B, lane 6), but not in mock-in-
fected or HSV-1-infected cell extracts (Fig. 2B, lanes 4 and 5).
They were also not recognized by preimmune serum (Fig. 2B,
lanes 1 to 3). The reactivity of this antiserum was clearly elim-
inated by preadsorption with E. coli lysate expressing the GST-
ULS56 fusion protein (Fig. 2B, lanes 9 and 10), but there was no
significant change in the reactivity after adsorption with the
lysate of control E. coli (Fig. 2B, lanes 7 and 8). The results
suggest that these 35-, 34-, and 32-kDa proteins are UL56 gene
products.

Production of UL56 in HSV-2-infected cells. All three spe-
cies of UL56 gene product were detected by 6 h p.i. (Fig. 2C,
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FIG. 2. (A) Induction of the GST-ULS56 fusion protein. E. coli cells
harboring pGEX-UL56 were grown in the absence (lane 1) or pres-
ence (lane 2) of IPTG. The fusion protein was purified with the
PrepCell system (Bio-Rad). Proteins were separated by SDS-PAGE
and stained with Coomassie brilliant blue. (B) Reactivity and specific-
ity of rabbit polyclonal antiserum raised against the GST-UL56 fusion
protein. Vero cells were mock infected (lanes 1 and 4) or infected with
HSV-1 (lanes 2, 5, 7, and 9) or HSV-2 (lanes 3, 6, 8, and 10) and
harvested at 15 h p.i. Samples were separated by SDS-PAGE and
analyzed by Western blotting with preimmune serum (lanes 1 to 3),
anti-UL56 serum (lanes 4 to 6), anti-ULS56 serum preadsorbed with E.
coli lysate (lanes 7 and 8), or anti-ULS56 serum preadsorbed with E. coli
lysate expressing the ULS56 fusion protein (lanes 9 and 10). (C) Pro-
duction of the ULS6 protein in HSV-2-infected Vero cells. Vero cells
were mock infected (lane 1) or infected with HSV-2 (lanes 2 to 9) at
an MOI of 3 PFU per cell. The cells were cultured in the absence or
presence of phosphonoacetic acid (lane 9) and harvested at 3 (lane 2),
6 (lane 3), 9 (lane 4), 12 (lane 5), 15 (lanes 6 and 9), 18 (lane 7), and
24 (lane 8) h p.i. Samples were separated by SDS-PAGE and then
analyzed by Western blotting with anti-UL56 serum. Positions of mo-
lecular mass markers (in kilodaltons) are indicated on the left.

lane 3) and gradually increased in amounts until 15 h p.i. The
ULS56 proteins were detectable even in the presence of 300 pg
of phosphonoacetic acid, an inhibitor of viral DNA synthesis
(Fig. 2C, lane 9), per ml. These results suggest that the UL56
protein is a late gene product whose expression is regulated as
a vy, gene.

In HSV-2-infected cells, the UL56 gene products were ob-
served as at least three species of 35, 34, and 32 kDa (Fig. 2C
and Fig. 3B, lane 4). However, only two species of 31 and 30
kDa were detected in wild-type-UL56-transfected cells (Fig.
3B, lane 2). The HSV-2 UL56 gene possesses an in-frame ATG
10 codons upstream of the start site, which could be an alter-
native translation initiation site (Fig. 3A). This in-frame up-
stream ATG has fewer consensus matches to the Kozak se-
quence and is not observed in the HSV-1 genome. To
determine whether translation of the UL56 protein is initiated
from the upstream ATG in HSV-2-infected cells, we compared
the molecular masses of the UL56 proteins in single UL56-
expressing cells. In pcDNA-UL56-10M-transfected cells, the
ULS56 protein was observed as four species, and their molec-
ular masses were 34, 32, 31, and 30 kDa (Fig. 3B, lane 3). These
results suggest that both ATG codons are active for translation
in UL56-10M-transfected cells.

To investigate the posttranslational modification of UL56
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protein in infected cells, radioisotope labeling experiments
were done. The *?P- and **S-labeled proteins were immuno-
precipitated with anti-UL56 antiserum from infected cell ly-
sates and separated by SDS-PAGE (Fig. 3C). When cells were
labeled from 6 to 18 h p.i., **P-labeled proteins with molecular
masses ranging from 30 to 35 kDa were immunoprecipitated by
the anti-UL56 antiserum; a 35-kDa species was detected as a
major and broad band. None of these proteins were immuno-
precipitated from mock-infected cells (Fig. 3C, lanes 1 to 4).
When cells were pulse labeled with [>°S]methionine for 30 min
at 9 h p.i., a 32-kDa species was immunoprecipitated as a major
protein and the 35-kDa species was also easily detectable (Fig.
3C, lane 5). After a 150-min chase, the amount of the 32-kDa
protein decreased markedly, while the intensity of the 35-kDa
band increased (Fig. 3C, lane 6). However, when cells were
labeled with [**PJorthophosphate, the 35-kDa species was pre-
dominantly detected, even immediately after the pulse (Fig.
3C, lanes 7 and 8). Although several additional bands were
observed in these immunoprecipitation experiments, it re-
mains unclear whether they were unmodified precursors or
degradation products. These results indicate that the UL56
gene product is phosphorylated in infected cells.

Intercellular distribution of UL56 protein. To identify the
cellular compartment containing UL56, double-labeling immu-
nofluorescence microscopy was done. HSV-2-infected Vero
cells were fixed with cold acetone at various times after infec-
tion and reacted with anti-UL56 rabbit serum and anti-Golgi-
58K-protein mouse monoclonal antibody. No specific staining
was seen in mock-infected cells with anti-UL56 serum (Fig. 4a)
and in HSV-2-infected cells with preimmune serum (Fig. 4p).
The ULS56 protein was first detected at 6 h p.i. and predomi-
nantly colocalized with the Golgi-58K-protein (Fig. 4g to i). At
9 h p.i., UL56 staining was partially dispersed in the cytoplasm,
where ULS56 stained a fine speckled pattern and the intensity of
cytoplasmic fluorescence of ULS6 gradually increased (Fig. 4j
and m). Golgi-58K-protein localized to a compact perinuclear
element until 6 h p.i.(Fig. 4h), but became gradually dispersed
thereafter (Fig. 4k and n).

The fragmentation and dispersal of the Golgi apparatus
have been described previously in HSV-1-infected cells (11).
We found that the colocalization of UL56 with Golgi-58K-
protein tended to be obscured with the advance of HSV-2
infection (Fig. 41 and o). In transfected cells, UL56 protein
accumulated in a compact perinuclear element, and this pe-
rinuclear fluorescence colocalized with Golgi-58K-protein
(Fig. 5a to c). As observed with HSV-2-infected cells, fine
speckled fluorescence was also detected in the cytoplasm and
most colocalized with EEA1, a marker protein of early endo-
somes (Fig. 5d to f).

In order to determine the domain responsible for the sub-
cellular localization, we generated a series of UL56 deletion
mutants (Fig. 6A) and analyzed their localization in Vero cells.
Deletion of the N-terminal 20 amino acids of the UL56 protein
did not significantly affect the subcellular localization of the
protein (Fig. 6B, b). When the N-terminal 36 amino acids were
deleted, the protein ULS6F2 was detected in a staining pattern
reminiscent of the endoplasmic reticulum (ER) (Fig. 6B, c).
The immunofluorescence patterns of other N-terminal dele-
tion mutants such as UL56F3 and F4 were very similar to that
of UL56F2 (data not shown). The mutant UL56R1, which
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FIG. 3. (A) HSV-2 DNA sequence upstream of the UL56 open reading frame (ORF). Proposed encoded amino acid sequences are indicated
in the single-letter code. The UL56 open reading frame is underlined, and the in-frame ATG codons of the UL56 open reading frame are
highlighted. (B) ULS56 protein differences between singly expressed and HSV-2-infected cells. Control Vero cells (lane 1), wild-type ULS56-
expressing cells (lane 2), UL56-10M-expressing cells (lane 3), or HSV-2-infected cells (lane 4) were separated by SDS-PAGE and analyzed by
Western blotting with anti-ULS56 serum. Positions of molecular mass markers are indicated at the left (in kilodaltons). (C) Detection of UL56
protein by immunoprecipitation. Vero cells were mock infected (lanes 1 and 2) or infected with HSV-2 (lanes 3 and 4) at an MOI of 3 PFU per
cell. The cells were labeled with [**S]methionine (lanes 1 and 3) or [**P]orthophosphate (lanes 2 and 4) from 6 h p.i to 18 h p.i. In the pulse-chase
experiment, HSV-2-infected cells were labeled with [*>S] methionine (lanes 5 and 6) or [*?PJorthophosphate (lanes 7 and 8) for 30 min at 9 h p.i.

and chased for 0 (lanes 3 and 5) or 150 min (lanes 4 and 6).

lacks the C-terminal hydrophobic region, was detected almost
exclusively in the nucleoli (Fig. 6B, e to g), and the other
C-terminal deletion mutant proteins also accumulated in the
nucleolus (data not shown). The mutant ULS6KPN, which
lacks the arginine-rich domain spanning amino acids 69 to 110,
showed a staining pattern similar to that of wild-type UL56
(Fig. 6B, d). Intrinsic fluorescence of EGFP-Ct1, EGFP fused
with the C-terminal hydrophobic region of the UL56 protein,
was detected in a staining pattern reminiscent of the ER (Fig.
6B, h). These results suggest that the C-terminal hydrophobic
region of the ULS6 protein is required for anchoring to cyto-
plasmic membranes and also that the N-terminal proline-rich
region is important for its translocations to the Golgi apparatus
and cytoplasmic vesicles.

Association of UL56 with lipid rafts. The above results sug-
gested that UL56 was a membrane-associated protein. To in-
vestigate the nature of the UL56-membrane interaction, we
carried out cell fractionation experiments as described in Ma-
terials and Methods (Fig. 7). LAMP-1 and y-adaptin were used
as an integral membrane marker and a peripheral membrane
marker, respectively. While most of the y-adaptin was found in
the soluble fraction of high pH, UL56 and LAMP-1 were
found almost exclusively in the insoluble fraction. Even when
cells were treated with RSB containing 1% Triton X-100, most
of the UL56 protein was detected in the insoluble fraction,
while LAMP-1 was found predominantly in the soluble frac-
tion. These results suggest that the UL56 protein is an integral
membrane protein and may associate with Triton X-100-insol-

uble structures. It should also be noted that the 35-kDa species
of UL56 protein appeared to be selectively released into the
soluble fraction by 1% Triton X-100. Thus, we examined the
association of UL56 with lipid rafts, which are known as the
Triton X-100-insoluble membrane microdomain.

To determine if ULS56 is incorporated into the rafts, infected
cells were harvested at 12 h p.i. and fractionated as described
in Materials and Methods (Fig. 8). It is well established that
Triton-insoluble material recovered from the 30%—-5% sucrose
interface contains both lipid rafts and caveolae (16, 41), and
caveolin 1, the major structural protein of caveolae, has been
used as a marker of detergent-insoluble lipid fractions. Thus,
fractions were analyzed by Western blotting with the anti-
ULS56, anti-UL34, and anti-caveolin 1 antibodies. Caveolin 1
was detected as peaks at fractions 4 and 16, and the latter
corresponded to the 30%-5% sucrose interface from its posi-
tion (Fig. 8C). About 30% of caveolin 1 was detected at frac-
tion 16, suggesting that fraction 16 contains lipid rafts. Analysis
with anti-UL56 serum showed that while UL56 was predomi-
nantly found in the loading zone, UL56 protein also made a
clear peak at fraction 16. About 10% of UL56 protein was
detected at fraction 16 (Fig. 8B). UL34, which is a tail-an-
chored type II membrane protein encoded by HSV, was de-
tected in the loading zone but not in the 30%-5% sucrose
interface. These observations suggest that UL56 protein asso-
ciated with lipid rafts.

Membrane orientation of UL56. According to the PSORT II
prediction (http://psort.nibb.ac.jp), it seems likely that the
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FIG. 4. Subcellular localization of UL56 protein in HSV-2-infected cells. Confocal microscopic images of UL56 (a, d, g, j, and m; FITC),
Golgi-58K-protein (b, e, h, k, and n; TRITC), and merged regions (c, €, i, k, and o) are shown. Cells were fixed with cold acetone. (a to c)
Mock-infected cells. HSV-2-infected cells were fixed at 3 (d to f), 6 (g to I), 9 (j to 1 and p), or 12 (m to o) h p.i. A confocal microscopic image

of preimmune serum is also shown (p).

ULS56 protein is a C-terminally anchored type II membrane
protein. If so, the N-terminal region of UL56 would be found
in the cytoplasm of infected cells and in the tegument of viri-
ons. To determine whether UL56 has such an orientation, we
performed a protease digestion assay. In this assay, the cyto-

plasmic parts of membrane proteins are sensitive to protease,
but proteins that are localized at the inner side of cytoplasmic
vesicles and the envelope are resistant. However, the addition
of detergents such as Triton X-100 disrupts cytoplasmic vesi-
cles, making proteins localized within the vesicles sensitive to
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FIG. 5. Immunofluorescence of Vero cells expressing the UL56 protein. At 24 h after transfection, the cells were fixed with cold acetone (a to
c) or 4% paraformaldehyde (d to f). After being fixed with cold acetone, cells were double-stained with anti-ULS56 rabbit serum (a) and
anti-Golgi-58K-protein monoclonal antibody (b). After being fixed with paraformaldehyde, cells were permeabilized with 0.05% Triton X-100 and
then double stained with anti-ULS56 rabbit serum (d) and anti-EEA1 monoclonal antibody (e).

protease. In HSV-2-infected cells (Fig. 9a) and purified HSV-2
virions (Fig. 9b), all species of UL56 were resistant to protein-
ase K in the absence of detergent. In singly expressed cells,
ULS56 was highly sensitive to protease even in the absence of
detergent (Fig. 9¢c). These results suggest that UL56 protein
faces the cytoplasm in singly expressed cells. We also examined
infected cells by transmission immunoelectron microscopy. As
shown in Fig. 10, which shows a cytoplasmic virion, the UL56
signals were mostly detected at the inside of the viral envelope.
These observations suggest that the UL56 protein is a tail-
anchored type II membrane protein inserted into the viral
envelope.

DISCUSSION

In this study, we identified the UL56 gene product of HSV-2
as virion-associated phosphoproteins with molecular masses
ranging from 30 to 35 kDa and suggest that the UL56 protein
is a tail-anchored type II membrane protein associating with
lipid rafts.

The products of the HSV-2 UL56 open reading frame had a
number of isoforms. In infected cells, we identified at least
three isoforms having apparent masses of 35, 34, and 32 kDa,
and the 31- and 30-kDa species were also sometimes detect-
able. A possible explanation is a posttranslational modification
of the product; we observed phosphorylation of the UL56
protein. Another explanation is that the UL56 open reading
frame possesses an additional in-frame initiation site. Mc-
Geoch et al. suggested that the HSV-2 UL56 open reading
frame possesses an in-frame ATG upstream of the start site
(29). In singly expressed cells, the wild-type UL56 was identi-
fied as two species of 31 and 30 kDa, while the 34- and 32-kDa
species appear to be the products of translation initiated from
the upstream ATG. Moreover, in infected cells the primary
product of the UL56 open reading frame appeared to be the
32-kDa species.

Kozak has proposed a consensus sequence, PuPyPyPuPy
PyAUGG, where Pu is a purine, Py is a pyrimidine, and the
AUG initiation codon is in italics, for the initiation of transla-
tion in multicellular eukaryotes (24). The sequence around the
translation initiation site of the HSV-2 UL56 gene is CCCAC
CAUGG (PyPyPyPuPyPyAUGG), which is different in only
one site from the Kozak sequence. The sequence around the
upstream initiation site was CACGACAUGC (PyPuPyPuPu
PyAUGC), which was different in four sites from the Kozak
sequence. In the case of HSV-1, the sequence around the
initiation site is GCAUCCAUGG, which is different in two
sites from the Kozak sequence. In the HSV-1 ULS56 gene, the
important positions flanking the codon were not conserved;
that is, the sequence had U in position —3. According to the
Kozak sequence, HSV-2 UL56 is predicted to be translated
from the downstream initiation site. However, our observa-
tions indicate that translation of the HSV-2 ULS56 open read-
ing frame is also initiated from the upstream ATG. We have
shown in this study that at least the 35-kDa species of UL56
was phosphorylated but have not yet specifically addressed the
function of the various isoforms of UL56 protein product.

The ULS6 protein was located in the Golgi apparatus as well
as in the cytoplasmic vesicles of infected and transfected cells.
The results of deletion mutant protein analysis are summarized
as follows. (i) The C-terminal hydrophobic region acted as a
transmembrane domain and was necessary and sufficient for
cytoplasmic localization of UL56 protein. (ii) The N-terminal
region (amino acids 20 to 36) was important for targeting of
ULS56. In this region, however, we have not definitely identified
any characteristic motif for its transport from the ER to the
Golgi and cytoplasmic vesicles. One tyrosine-based motif, an
internalization signal from the plasma membrane to the trans-
Golgi network, was identified (22). It is unclear whether this
tyrosine motif is involved in the subcellular localization of
ULS56 protein. (iii) We did not make clear the function of the
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Arg-rich region in this study. Surprisingly, the C-terminal hy-
drophobic region-truncated proteins accumulated predomi-
nantly in the nucleolus. The nucleolar localization targeting
sequences have been identified in various viral proteins such as
Tat (40), Rev (13, 25), and human T-cell lymphotropic virus
type 1 (HTLV-1) pX (44) and show little homology, but all
contain long basic sequences resembling nuclear localization
signals. The Arg-rich region of UL56 protein probably acts as
a nucleolar localization signal when the C-terminal hydropho-
bic domain is deleted.

Our data strongly suggest that the ULS56 protein is classified
in a unique subclass of type II membrane proteins called tail-
anchored membrane proteins. Typically in tail-anchored type
IT membrane proteins, the N-terminal side of the transmem-
brane domain is more positively charged than the C-terminal
side. In the case of HSV-2 ULS56 protein, shown in Fig. 1B, the
N-terminal side of the transmembrane domain is slightly more
positively charged than the C-terminal side. Taken together
with the charge of the C-terminal COOH group, the N-termi-
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FIG. 6. (A) Construction and summary of intracellular localization
of ULS6 protein and its deletion mutants. Bars represent translated
amino acids. Numbers indicate amino acid positions. Abbreviations:
No, nucleolus; G/V, Golgi and cytoplasmic vesicles. (B) Subcellular
localization of deletion mutants of UL56 protein. Cells were trans-
fected with pcDNA-UL56 (a), pcDNA-ULS56F1 (b), pcDNA-ULS6F2
(c), pcDNA-UL56KPN (d), pcDNA-UL56R1 (e to g), or pEGFP-
ULS56Ct1 (h). After 24 h, cells were fixed with cold acetone (a to g) or
4% paraformaldehyde (h) and stained with anti-ULS56 serum (a to d).
ULS56R1-expressing cells were double stained with anti-UL56 serum
(e) and anti-nucleolin monoclonal antibody (f) and merged (g). (h)
Intrinsic fluorescence of EGFP-UL56Ct1.

nal side of the transmembrane domain is clearly more posi-
tively charged than the C-terminal side. Furthermore, UL56
protein, like typical tail-anchored type II membrane proteins,
has no N-terminal cleavable signal sequence but has one trans-
membrane domain at the C terminus (26).

Tail-anchored membrane proteins have no obvious signal
sequence, an N terminus exposed to the cytosol, and a C-
terminal membrane anchor. Other examples of proteins in this
class include cytochrome bs, Bcl-2, syntaxin, and several pro-
teins involved in vesicular transport (26). At present, the role
of ULS56 protein in the replication of HSV is unknown. How-
ever, we propose the following hypothesis regarding its func-
tion. ULS6 protein localizes in the Golgi apparatus and the
cytoplasmic vesicles, where HSV may gain an envelope (18).
The UL34 protein, which is another tail-anchored type II
membrane protein encoded by the HSV genome (42), has been
shown to be involved in the budding of intranuclear capsids
through the inner nuclear membrane into the perinuclear cis-
terna (35). It seems possible that UL56 plays a role in the
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FIG. 7. Membrane association of UL56 protein. Vero cells were
infected with HSV-2 for 12 h and then fractionated as described in
Materials and Methods. Samples were separated by SDS-PAGE and
analyzed by Western blotting with anti-UL56 serum, anti-y-adaptin
monoclonal antibody, or anti-LAMP-1 monoclonal antibody. P, pellet;
S, supernatant. Positions of molecular mass markers (in kilodaltons)
are indicated on the left.

secondary envelopment. Envelopment is an essential event for
the formation of infectious particles and the lack of viral genes
responsible for envelopment must markedly reduce viral
growth even in cultured cells. However, as ULS56-deficient
HSV replicates in cultured cells as efficiently as the wild-type
virus, we tend to exclude the possibility that UL56 is directly
involved in the process of secondary envelopment.

Another hypothesis is that UL56 may play a role in the
transport of viral glycoproteins to the site of secondary envel-
opment. While lack of the UL56 product does not affect viral
replication in most types of cultured cells, it does markedly
reduce the neuroinvasiveness of HSV-1 (3, 36, 37, 38, 39).
Moreover, Kehm et al. have shown that deletion of the C-
terminal hydrophobic region of the UL56 protein abrogates
the virulent phenotype (19). Taken together with our observa-
tions, it is suggested that UL56 protein is involved in HSV
pathogenicity as a tail-anchored type II membrane protein.
Miranda-Saksena et al. reported that, in axons of peripheral
neurons, viral nucleocapsids coated with tegument proteins are
transported separately from envelope glycoproteins and sug-
gested that the final assembly of an enveloped virus occurs at
the axon terminus. If this is true, the envelope glycoproteins
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FIG. 8. Association of UL56 protein with lipid rafts. Cells were
solubilized in 1% Triton X-100 and fractionated on a discontinuous
sucrose gradient, as described in Materials and Methods. Equal vol-
umes of the recovered fractions were separated by SDS-PAGE and
analyzed by silver staining (upper panel) or by Western blotting with
anti-UL56 serum, anti-UL34 serum, or anti-caveolin 1 monoclonal
antibody. Positions of molecular mass markers (lane P, in kilodaltons)
are indicated on the left.
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FIG. 9. Topology of the UL56 protein. HSV-2-infected cells (a),
virions (b), and UL56-expressing cells (c) were treated with proteinase
K in either the presence (+) or the absence (—) of 1% Triton X-100.
The samples were then separated by SDS-PAGE and analyzed by
Western blotting with anti-UL56 serum. Positions of molecular mass
markers (in kilodaltons) are indicated on the left.

must be transported as conventional neuronal transport vesi-
cles (31). In the absence of UL56, the vesicles might not be
efficiently targeted to the site of assembly, and the virus may
thereby fail to obtain an envelope. ULS56 has a topology similar
to that of proteins involved in vesicular transport (26). Fur-
thermore, UL56 protein associated with lipid rafts, and some
of the membrane proteins involved in vesicular transport are
known to associate with lipid rafts (12, 28). It thus seems that
these observations support our latter hypothesis regarding the
role of ULS56.

Interestingly, UL56 protein has some significant similarities
to the US9 gene product of pseudorabies virus (PRV), another
neurotropic alphaherpesvirus. The US9 protein of PRV is a
phosphorylated, tail-anchored type II membrane protein rang-
ing from 17 to 20 kDa, which is inserted into the virion enve-
lope and accumulates in the frans-Golgi network (5, 8). Fur-
thermore, PRV US9 null mutants exhibit no obvious
phenotype after infection in tissue culture but do exhibit a
defect in anterograde transneuronal spread in the rodent ner-
vous system (6, 7). Recently, it was shown that the PRV US9
protein is necessary for axonal localization of viral membrane

FIG. 10. Transmission immunoelectron microscopy of HSV-2-in-
fected Vero cells, showing the labeling for UL56 proteins at 12 h p.i.
Thin sections were prepared as described in Materials and Methods.
Bars, 100 nm.
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proteins such as gB and gC (46). Although the HSV-1 US9
protein is also a virion phosphoprotein ranging from 12 to 20
kDa which contains a hydrophobic stretch near the carboxy
terminus, earlier studies have shown that it is associated with
nucleocapsids in the nuclei of infected cells (17) and may be
involved in the regulation of ubiquitin-mediated protein deg-
radation (4). Further studies are required to determine simi-
larities and differences in properties and roles among US9
homologs and HSV ULS56.
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