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The herpes simplex virus type 1 (HSV-1) UL51 gene products are virion-associated phosphoproteins with
apparent molecular masses of 27, 29, and 30 kDa in HSV-1-infected cells. In this study, we have investigated
the intracellular localization and distribution of UL51 protein both in infected cells and in transfected cells
expressing only UL51. We found that this protein colocalized closely with Golgi marker proteins such as the
Golgi-58K protein and GM130 in transfected cells expressing only UL51. However, in infected cells, the UL51
protein localized to the juxtanuclear region but only partially colocalized with the Golgi maker proteins.
Mutant protein analysis revealed that the N-terminal 15 amino acid residues of the UL51 protein sufficed for
this Golgi localization property. The UL51 protein redistributed on addition of brefeldin A. This was prevented
by pretreatment with 2-deoxyglucose and sodium azide, which results in ATP depletion, but not by pretreat-
ment with NaF and AlCl3, which activates heterotrimeric G proteins. Moreover, we found that palmitoylation
of the UL51 protein through the N-terminal cysteine at position 9 was necessary for its Golgi localization.
Protease digestion analysis suggested that the UL51 protein localized on the cytoplasmic face of the membrane
in UL51-transfected cells, while in infected cells it localized mainly to the inside of cytoplasmic vesicles and/or
the viral envelope. Transmission immunoelectron microscopy revealed an association of UL51 protein-specific
labeling with cytoplasmic virions and also with some membranous structure. We infer from these observations
that internalization of UL51 protein into the cytoplasmic vesicle and/or virion may occur in association with
viral envelopment in HSV-infected cells.

Herpes simplex virus (HSV) is a large, enveloped DNA
virus, the genome of which contains at least 74 different pro-
tein-coding genes (16, 39, 53). Approximately half of these
genes are not essential for virus replication in cell cultures (52).
The UL51 gene of HSV type 1 (HSV-1) is one of the dispens-
able genes that is located at the right end of the unique long
(UL) region of the virus genome (6, 39), and its homologs are
conserved throughout the herpesvirus family (1, 3, 7, 11, 14, 24,
26, 33, 59); these homologs, except in human cytomegalovirus
(HCMV), have similar molecular sizes ranging from 200 to 259
amino acids and contain some highly conserved motifs. In a
previous study, we raised a rabbit polyclonal antiserum against
an HSV-1 UL51 fusion protein and characterized the UL51
protein in HSV-1-infected cells. It is present as a series of 27-,
29-, and 30-kDa phosphoproteins that are expressed at the late
stage of infection and are localized to the perinuclear region of
the cytoplasm in infected cells. Additionally, analysis of extra-
cellular virions revealed that the UL51 protein is a component
of the virion (13).

Little is known about localization signals for membrane-
associated proteins which contain neither an N-terminal signal
sequence nor a stretch of hydrophobic transmembrane do-
mains (15, 35, 44, 60). A number of proteins are associated
with the cytoplasmic face of the Golgi apparatus, and some of

them are modified by covalent attachment of fatty acid (48).
Such fatty acylated proteins play key roles in regulating cellular
structure and function, membrane attachment, Golgi localiza-
tion, and plasma membrane targeting (21, 40, 43, 44, 48). The
two most common forms of protein fatty acylation are modi-
fication with myristate, a 14-carbon saturated fatty acid, and
with palmitate, a 16-carbon saturated fatty acid (48). Myristic
acid is cotranslationally attached N terminally via amide bonds
to glycine residues and immediately after the start methionine
is removed by methionine aminopeptidase. N myristoylation is
catalyzed by N-myristoyl transferase (48). In contrast, palmi-
toylation of membrane proteins occurs posttranslationally, and
nearly all palmitoylated proteins are acylated by attachment of
palmitate through a thioester linkage to the sulfhydryl group of
cysteine, although the precise mechanism of palmitoylation
reactions is poorly understood (21, 43, 48).

Covalent attachment of fatty acids to membrane proteins
was first described for the viral glycoproteins of Sindbis and
vesicular stomatitis viruses (57, 58). Since then, an increasing
number of viral proteins have been found to be acylated; these
include proteins of ortho- and paramyxoviruses (56), retrovi-
ruses (67, 68), filoviruses (22), adenoviruses (28), vaccinia vi-
ruses (25), and coronaviruses (12). In herpesviruses, the UL11
gene product of HSV-1 has been shown to be a myristoylated
protein (36, 37). Recently, Loomis et al. reported that the
UL11 protein also undergoes palmitoylation, which is required
for its targeting to the Golgi apparatus and for strong mem-
brane binding (34).

In the present study, we have examined the intracellular
localization of the UL51 protein in greater detail and found
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that it has the intrinsic property of localizing to the Golgi
apparatus. The UL51 protein redistributed into the cytoplasm
on addition of brefeldin A (BFA), but this was prevented by
pretreatment with 2-deoxyglucose and sodium azide. More-
over, mutational analyses revealed that the Golgi localization
of the UL51 protein was highly dependent on its N-terminal
position 9 cysteine, which is required for palmitoylation of this
protein.

MATERIALS AND METHODS

Viruses and cells. U251 cells, a stable line of human glioma cells, were grown
in Dulbecco’s minimal essential medium supplemented with 10% fetal bovine
serum, 100 U of penicillin per ml, and 100 �g of streptomycin per ml and were
used throughout this study. ST51 cells, stably expressing the UL51 protein, were
grown in Dulbecco’s minimal essential medium supplemented with 10% fetal
bovine serum, 100 U of penicillin per ml, 100 �g of streptomycin per ml, and 1
mg of Geneticin (Life Technologies Inc.) per ml. U251 cells transfected with
pcDNA-UL51w/t were grown in maintenance medium supplemented with Ge-
neticin. Some Geneticin-resistant stable transformants were isolated, and one of
these clones was used in subsequent experiments. HSV-1 strain KOS, derived
from single plaques, was propagated in Vero cells by infection at a low multi-
plicity (0.01 PFU per cell). Infected cells were harvested when almost all cells
exhibited cytopathic effects. After freezing and thawing three times and elimi-
nation of cell debris at 3,000 rpm for 10 min, virus was stored at �80°C.

Plasmids and PCR. The plasmid pcDNA-UL51 w/t (13) which expresses the
HSV-1 UL51 gene under the control of the HCMV immediate-early promoter,
was used for expression of the UL51 protein and for construction of N- or
C-terminal deletion mutants of the UL51 protein. The following PCR conditions
were used throughout the present study: an initial 2-min denaturation step at
96°C, followed by 35 cycles of denaturation (96°C, 30 s), annealing (56°C, 1 min),
and extension (72°C, 2 min) and a final extension at 72°C for 5 min. The PCR
product was digested with EcoRI and NotI and then ligated into the multicloning
site of pcDNA3.1(�) (Invitrogen).

The expression plasmid UL51N15-GFP was constructed for expression of the
UL51 N-terminal 15 amino acid residues tagged upstream with green fluorescent
protein (GFP). The DNA fragment encoding the UL51 N-terminal 15 amino
acid residues was first synthesized as UL51N15Fxho (5�-TCGAGatggcttctcttctc
ggggctatatgtggctggggagcgcgccccG-3�) and UL51N15Rbam (5�-GATCCggggcgcg
ctccccagccacatatagccccgagaagagaagccatC3�), and mixtures of these were incu-
bated for 1 min at 96°C and then for 1 h at room temperature. The annealed
DNA fragment was then ligated into the XhoI-BamHI restriction site of the
multicloning site of pEGFP-N3 (Clontech) in frame to give UL51N15-GFP.

The expression plasmids pcDNA-UL51C9S and -UL51C9A, which express
versions of the UL51 protein with a single amino acid substitution in which
cysteine at N-terminal position 9 was replaced by serine and alanine, respectively,
were constructed. The UL51C9S and UL51C9A coding sequences were made by
PCR amplification from pcDNA-UL51w/t by using UL51C9Seco (5�-gGAATT
CatggcttctcttctcggggctataTCTggctgg-3�/EcoRI) and UL51C9Aeco (5�-gGAATT
CatggcttctcttctcggggctataGCTggctgg-3�/EcoRI), respectively, as the forward
primer. UL51Rnot (5�-caagcGCGGCCGCttattgacccaaaacacacgg-3�/NotI) was
used for the reverse primer. Each PCR product was digested with EcoRI and
NotI and ligated into the multicloning site of pcDNA3.1(�).

Construction of deletion mutants of the UL51 protein. Plasmids pcDNA3.1-
UL51DN15, pcDNA3.1-UL51DN44, pcDNA3.1-UL51DN75, pcDNA3.1-
UL51DN88, pcDNA3.1-UL51DC111, pcDNA3.1-UL51DC132, pcDNA3.1-
UL51DC164, pcDNA3.1-UL51DC183, and pcDNA3.1-UL51DC208 were
constructed for expression of N- and C-terminal deletion mutants of the UL51
protein. The forward primers for the N-terminal deletion mutants were
UL51delN15 (5�-ggaGAATTCatggaggaacaatatgagatgatccg-3�/EcoRI), UL51del
N44 (5�-gtcGAATTCatgctacttcccgcccccatcacg-3�/EcoRI), UL51delN75 (5�-gtgG
AATTCatgcacgcctgcatggtgaacctag-3�/EcoRI), and UL51delN88 (5�-gtgGAATT
Catgcaccccgggttcgaggccccc-3�/EcoRI). The reverse primer was UL51Rnot (5�-c
aagcGCGGCCGCttattgacccaaaacacacgg-3�/NotI). The forward PCR primer for
the C-terminal deletion mutants was UL51Feco (5�-gtgGAATTCatggcttctcttctc
ggggctatatg-3�/EcoRI). The reverse primers and the incorporated restriction
enzyme sites were UL51delC111 (5�-cacGCGGCCGCttagcgccgcatcttgtcctgatggg
c-3�/NotI), UL51delC132 (5�-gagcGCGGCCGCttacttgtcagccgcccccacggac-3�/Not
I), UL51delC164 (5�-ccGCGGCCGCttagaggccaagggcccgttcggcgatg-3�/NotI),
UL51delC183 (5�-tgcGCGGCCGCttacgcctcggtcaccccaatccc-3�/NotI), and UL51

delC208 (5�-gtGCGGCCGCttagagggcgtcgccgtttcgggc-3�/NotI). The PCR prod-
ucts were ligated into pcDNA3.1(�).

Immunofluorescence microscopy. Cells were fixed with cold acetone or with
4% paraformaldehyde and permeabilized with 0.1% Triton X-100. The cells
were labeled with anti-UL51 rabbit polyclonal antibodies (13) alone or together
with mouse monoclonal antibodies for �-COP, Golgi-58K protein (Sigma),
GM130, clathrin heavy chain, and �-adaptin (BD Transduction Laboratories).
Goat anti-rabbit antibodies and goat anti-mouse antibodies conjugated to fluo-
rescein isothiocyanate (FITC) or tetramethyl rhodamine isocyanate (TRITC)
were used to visualize the primary antibodies. Fluorescent images were examined
under the Bio-Rad MRC 1024 imaging system. For HSV-infected cells, cells
were treated with normal goat serum before being labeled with primary anti-
bodies to avoid nonspecific reactions.

Western blotting. Cells were lysed in sodium dodecyl sulfate (SDS) sample
buffer, electrophoretically separated by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), and then transferred to polyvinylidene difluoride membranes.
Nonspecific protein binding was blocked by treating membranes at 4°C overnight
with phosphate-buffered saline (PBS) containing 5% skim milk. The membranes
were washed with PBS containing 0.05% Tween 20 (PBST) and incubated with
appropriately diluted primary antibodies in PBS at 37°C for 1 h. After being
washed with PBST, the membranes were incubated with the goat anti-rabbit or
anti-mouse peroxidase-labeled secondary antibodies at 37°C for 1 h. The mem-
branes were then washed with PBST, treated with ECL Western blotting detec-
tion system reagents (Amersham Pharmacia), and exposed to Hyperfilm-ECL
(Amersham Pharmacia).

Subcellular fractionation. Subconfluent cells were washed twice with PBS,
scraped, and resuspended in cold buffer A (10 mM Tris-HCl [pH 7.4] and 5 mM
sucrose containing 1 mM phenylmethylsulfonyl fluoride and a cocktail of pro-
tease inhibitors [Sigma]). Subsequent procedures were carried out at 4°C. The
cells were homogenized with a Dounce homogenizer. Unbroken cells and nuclei
were removed by centrifugation at 700 � g for 10 min. Postnuclear supernatants
(PNS) were mixed with the same quantity of buffer A or 2% Triton X-100 in
buffer A (final concentration, 1%). After incubation on ice for 30 min, PNS
mixtures were centrifuged at 45,000 rpm (120,000 � g) in a TLS 55 rotor for 1 h
in a Beckman Optima tabletop ultracentrifuge. The resulting supernatants and
membrane pellets were collected and analyzed.

Drug treatment. To examine the effect of BFA on the distribution of the UL51
protein, ST51 cells were treated with 5 �g of BFA per ml for 0, 10, and 30 min
at 37°C. The cells were then processed for immunofluorescence analysis. To
examine the effect of aluminum fluoride or ATP depletion on BFA-induced
redistribution of the UL51 protein, cells were pretreated with AlF (30 mM NaF
and 50 �M AlCl3) or with 50 mM 2-deoxyglucose and 0.05% sodium azide
(DOG-Az) for 10 min at 37°C and then treated with 5 �g of BFA per ml for 0,
10, and 30 min at 37°C.

Immunoprecipitation and electrophoresis. Subconfluent U251 cells were sep-
arately transfected with each plasmid expressing wild-type UL51 protein
(UL51w/t) or the N- or C-terminal deletion mutants of the UL51 protein by
using Lipofectamine reagent, according to the protocols recommended by the
supplier (GibcoBRL). After 24 h, the transfected cells were washed twice with
methionine-free minimal essential medium, incubated for 30 min at 37°C, and
then labeled for 30 min with 100 �Ci of [35S]methionine (Amersham Pharmacia)
per ml. The labeled cells were washed three times with cold PBS and solubilized
in buffer A containing 1% Triton X-100. The samples were incubated 4°C for 1 h
and centrifuged at 14,000� g at 4°C for 30 min to remove the cell debris. After
preabsorption of the supernatants with preimmune rabbit serum and protein
A-agarose (Roche), they were incubated with an appropriate amount of anti-
UL51 rabbit polyclonal antibody and the immune complexes were precipitated
by incubation with protein A-agarose. The immunoprecipitates were washed five
times with buffer A containing 1% Triton X-100 to remove nonspecifically
adsorbed proteins, eluted from the agarose beads by boiling in 2� SDS sample
buffer (125 mM Tris-HCl [pH 6.8], 4% SDS, 20% glycerol, 10% 2-mercapto-
ethanol, and 0.06% bromophenol blue), and centrifuged at 12,000 rpm at 4°C for
10 min. The supernatants were collected and analyzed by SDS-PAGE. After
electrophoresis, the gels were fixed with 10% acetic acid and 10% methanol,
dried, and autoradiographed with the Fujix Bioimaging Analyzer BAS 2000
system (Fuji Photo Film).

To detect palmitoylation of the UL51 protein, transfected cells expressing one
of the mutant proteins were metabolically labeled with [3H]palmitic acid (400
�Ci/60-mm-diameter dish) (Amersham Pharmacia) for 30 min at 37°C. The
labeled cells were washed three times with cold PBS and lysed in buffer A
containing 1% Triton X-100, and the UL51w/t or mutant UL51 proteins were
immunoprecipitated with an appropriate amount of anti-UL51 rabbit polyclonal
antibody as described above. Immunoprecipitated proteins were then mixed with
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2� SDS-sample buffer (�-mercaptoethanol was omitted to prevent release of
palmitate) (28, 34) and separated by SDS-PAGE. Gels were treated with
EN3HANCE (NEN Life Science Products, Inc.) for 1 h prior to drying and
autoradiographed. The film was exposed to the gels for 3 weeks. HSV-1-infected
U251 cells were also labeled with [35S]methionine or [3H]palmitic acid, and
samples were prepared and analyzed as described above.

Protease digestion assay. HSV-1-infected cells or pcDNA-UL51w/t-trans-
fected cells were scraped into reticulocyte standard buffer supplemented with a
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, phenylmethyl-
sulfonyl 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 Western blotting.

Transmission immunoelectron microscopy (TIEM). U251 cells were grown in
60-mm-diameter culture dishes and were either mock infected or infected with
HSV-1 at a multiplicity of 5 PFU per cell. At 24 h after infection, the cells were
fixed with modified PLP fixative (10 mM NaIO4, 75 mM lysine, 37.5 mM phos-
phate buffer [PB] [pH 7.4], 4% paraformaldehyde, 0.1% glutaraldehyde) for 17 h
and then washed with 0.1 M PB (46). The cells were then harvested from the
culture dish by scraping, resuspended in PB, and pelleted by low-speed centrif-
ugation. The cell pellet was washed with PB, dehydrated in graded ethanol
solutions with progressive lowering of the temperature, embedded in the acrylic
resin Lowicryl K4M (Polysciences), and polymerized by UV light at �30°C for
24 h. Ultrathin sections were collected onto Formvar-coated nickel grids. The
sections were incubated with 5% normal goat serum in PBS containing 1%
bovine serum albumin for 1 h at room temperature, washed five times in PBS,
and incubated with preimmune rabbit serum or anti-UL51 rabbit polyclonal
antibody adequately diluted in PBS–1% bovine serum albumin for 2 h. After five
washes in PBS, the sections were incubated for 1 h with the secondary antibody
goat anti-rabbit immunoglobulin conjugated with 10-nm-diameter gold particles
(British BioCell International) and then washed five times in PBS and twice in
double-distilled water. The sections were double stained with 4% uranyl acetate
for 30 min followed by Reynold’s lead citrate solution for 2 min. Carbon-coated
sections were examined with a Hitachi H7100 transmission electron microscope
at 75 to 100 kV.

RESULTS

The UL51 protein colocalizes with Golgi marker proteins in
singly expressing cells. We have previously shown that the
UL51 protein localizes mainly to the cytoplasm both in HSV-
1-infected Vero cells and in transfected cells expressing only
this viral gene (13). In order to further examine the intrinsic
properties of this protein, we established a U251-derived cell
line which stably expressed UL51 protein (ST51) and exam-
ined the intracellular localization of the protein. As shown in
Fig. 1a, d, and g, the UL51-specific fluorescence was detected
in the juxtanuclear region. Because the juxtanuclear staining
pattern was reminiscent of a Golgi localization pattern, we
examined whether the UL51 protein colocalized with Golgi-
associated proteins by double-staining analysis. We indeed
found that the UL51 protein colocalized well with the Golgi-
58K protein (Fig. 1a to c), which is a peripheral membrane
protein exposed to the cytoplasmic side of the Golgi complex
(8, 23). Colocalization of the UL51 protein with other Golgi-
associated proteins, including GM130 (Fig. 1d to f), �-COP
(Fig. 1g to i), and �-adaptin (data not shown), was also exam-
ined, and UL51 was found to colocalize with all of them at the
juxtanuclear region, although �-COP was apparently more
broadly distributed than the Golgi-58K protein and GM130.
These results indicate that the UL51 protein localized predom-
inantly to the Golgi apparatus in singly expressing cells.

Next, the intracellular localization of the UL51 protein was
examined in HSV-1-infected U251 cells. At various times after

infection, HSV-1-infected cells were fixed, treated with normal
goat serum to block nonspecific binding, and stained with anti-
UL51 rabbit polyclonal antibody. As shown in Fig. 2b, the
UL51 protein-specific fluorescence became detectable in the
cytoplasm by 6 h postinfection (p.i.) and was marked in the
juxtanuclear region of infected cells (Fig. 2b). At 12 h p.i.,
UL51-specific fluorescence was found more widely distributed
in the cytoplasm, although the fluorescence was stronger in the
juxtanuclear region (Fig. 2c). The pattern of juxtanuclear stain-
ing dispersed at later times of infection. At 24 h p.i., UL51-
specific fluorescence was detected mainly in the vicinity of the
plasma membrane of infected cells (Fig. 2d). No specific flu-
orescence was observed in mock-infected cells stained with the
anti-UL51 rabbit polyclonal antibody (Fig. 2a). Interestingly,
the juxtanuclear UL51-specific fluorescence in infected cells
was somewhat different from the pattern observed in singly
expressing cells. Representative images double stained for the
Golgi-58K protein or GM130 are shown in Fig. 2e to g and h
to j. The merged images show that the UL51 protein only
partially colocalized with the Golgi-58K protein and GM130
(Fig. 2g and j, insets).

The UL51 protein is distributed in both membrane and
cytosolic fractions. In immunofluorescence staining analysis, it
was shown that the UL51 protein localized to the Golgi appa-
ratus but was also detectable in the cytoplasm (Fig. 1a, d, and
g). In order to biochemically specify the localization of the
UL51 protein, U251 cells transfected with pcDNA-UL51w/t
were separated into the membranous pellet and the cytosolic
supernatant fractions by ultracentrifugation (120,000 � g) after
treatment of the cells with or without 1% Triton X-100 for 30
min on ice. The resulting supernatants and pellets were ana-
lyzed by Western blotting with the anti-UL51 rabbit polyclonal
antibody (13). The UL51 protein was detected in both pellet
and supernatant fractions when the cells were fractionated in
the absence of Triton X-100 (Fig. 3A, upper panel, lanes 1 and
2). The relative amount of the UL51 protein detected in each
fraction varied to some extent, but the amount of UL51 protein
in the supernatant fractions was always markedly increased by
treatment with the detergent (Fig. 3A, upper panel, lanes 3 and
4). As a control, the same fractions were subjected to Western
blotting with monoclonal antibodies against GM130 and pro-
tein kinase C delta (PKC�). In the absence of Triton X-100,
GM130, as expected, was detected predominantly in the pellet
fraction, while PKC� was detected in the supernatant fraction
(Fig. 3A, middle and lower panels, lanes 1 and 2). A consid-
erable amount of GM130 was shifted to the supernatant frac-
tions by the addition of the detergent (Fig. 3A, middle panel,
lanes 3 and 4).

The subcellular distribution of UL51 was also examined in
ST51 cells. PNS (Fig. 3B, lane 1) were subjected to centrifu-
gation at 120,000 � g, and both membranous pellet (Fig. 3B,
lane 2) and cytosolic (Fig. 3B, lane 3) fractions were subjected
to SDS-PAGE and then analyzed by Western blotting with the
anti-UL51 antiserum. As shown in Fig. 3B, the UL51 protein
was detected in both the membranous pellet and cytosolic
fractions. When the same fractions were probed with anti-�-
COP or anti-�-adaptin monoclonal antibodies, similar results
were obtained, although the relative amounts of the proteins
detected in the pellet and supernatant fractions were different
(Fig. 3B). On the other hand, GM130 and PKC� were found
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predominantly in the membranous pellet and cytosolic frac-
tions, respectively, demonstrating that the fractionation proto-
col was effective (Fig. 3B, lower panels). Taking these obser-
vations together, it is suggested that the UL51 protein is
present in at least two different forms, namely, membrane-
associated and cytosolic soluble forms.

Redistribution of the UL51 protein in response to BFA
treatment. Previous studies have shown that many Golgi-asso-
ciated proteins are redistributed into the cytosol after BFA
treatment. We therefore examined the effects of BFA on the
distribution of UL51 protein. ST51 cells were incubated with
BFA at a concentration of 5 �g/ml for various lengths of time

and then examined by immunofluorescence microscopy. Cells
were stained with the rabbit antiserum against the UL51 pro-
tein and mouse monoclonal antibodies against Golgi-58K pro-
tein (Fig. 4) or �-COP (Fig. 5). Figure 4c illustrates an obvious
overlap between the UL51 protein (Fig. 4a) and the Golgi-58K
protein (Fig. 4b) in the juxtanuclear region. At 10 min after the
addition of BFA, the UL51 protein was completely redistrib-
uted into the cytoplasm (data not shown), while the Golgi-58K
protein was present both in a diffuse cellular pattern and in
small punctuate structures clustered in the juxtanuclear region
(data not shown). After 30 min, the Golgi-58K protein was
more widely redistributed (Fig. 4e). �-COP, like the UL51

FIG. 1. Intracellular localization of the UL51 protein in ST51 cells. ST51 cells were fixed; double stained with the anti-UL51 rabbit polyclonal
antibody (a, d, and g) and mouse monoclonal antibodies against Golgi-58K protein (b), GM130 (e), or �-COP (h); and then reacted with anti-rabbit
IgG-conjugated FITC or anti-mouse IgG-conjugated TRITC. The merged images are shown in panels c, f, and i. The insets show high
magnification of the juxtanuclear region.
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protein, was already redistributed at 10 min after BFA addition
(data not shown), as reported previously (18), and thereafter
no significant change in its distribution pattern was observed
(Fig. 5e). The BFA-induced change of the UL51 protein and
Golgi-associated proteins was completely reversible when BFA
was removed (data not shown).

Aluminum fluoride cannot inhibit BFA-induced redistribu-
tion of the UL51 protein. Aluminum fluoride (AlF) has been
shown to exert a protective effect on dissociation of �-COP and
mannosidase II, but not ADP-ribosylation factor (ARF), in-
duced by BFA treatment (17, 19). Similar to the situation with
�-COP, the BFA-induced redistribution of �-adaptin, a com-
ponent of clathrin-coated vesicles, was prevented by pretreat-
ment with AlF (51). We therefore examined whether AlF has

such a protective effect on dissociation of the UL51 protein
caused by BFA treatment. It was found that pretreatment with
AlF had no protective effect on BFA-induced redistribution of
the UL51 protein (Fig. 4g and 5g). Redistribution of both
�-COP (Fig. 5h) and �-adaptin (data not shown) was signifi-
cantly reduced by pretreatment with AlF, as shown by previous
studies (51). On the other hand, neither the Golgi-58K protein
(Fig. 4 h) nor GM130 (data not shown) was protected from
BFA-induced redistribution by pretreatment with AlF.

ATP is required for BFA-induced redistribution of the UL51
protein from the Golgi apparatus. It has been reported that
treatment of cells with DOG-Az results in ATP depletion and
thereby disrupts the association of �-COP and ARF with the
Golgi apparatus, whereas mannosidase II is not affected (18).

FIG. 2. Intracellular localization of the UL51 protein in HSV-1-infected U251 cells. Mock-infected (a) and HSV-1-infected (b to j) U251 cells
were fixed at 6 (b and e to j), 12 (c), and 24 (d) h p.i. as described in Materials and Methods. The samples were double stained with the anti-UL51
rabbit polyclonal antibody (a to e and h) and anti-Golgi-58K protein mouse monoclonal antibody (f) or anti-GM130 mouse monoclonal antibody
(i) and then reacted with anti-rabbit IgG-conjugated FITC or anti-mouse IgG-conjugated TRITC. The merged images are shown in panels g and
j. Infected cells were pretreated with normal goat serum to block nonspecific antibody reaction. The insets show high magnification of the
juxtanuclear region.
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It has also been shown that pretreatment with DOG-Az im-
pairs BFA-induced retrograde movement of CTR 433, a resi-
dent protein of the medial-Golgi cisternae (30), and Rab 6 (49)
but not �-COP (49). We therefore studied the effect of
DOG-Az on the distribution of the UL51 protein. DOG-Az
alone had no obvious effect on the redistribution of UL51
protein and other Golgi-associated proteins except �-COP
(data not shown). DOG-Az markedly impaired the redistribu-
tion of UL51 protein induced by BFA (Fig. 4j and 5j), whereas
�-COP (Fig. 5k) and �-adaptin (data not shown) were not
affected. The redistribution of both the Golgi-58K protein
(Fig. 4k) and GM130 (data not shown) was impaired to the
same extent as that of the UL51 protein. These results suggest
that ATP is required for the redistribution of UL51 protein
caused by BFA.

Golgi targeting information is contained within the first 15
N-terminal amino acid residues of UL51. Analysis of the pre-
dicted sequence of the UL51 protein suggests that it has
no obvious hydrophobic transmembrane domain, although a pro-
line-rich domain is predicted in the C-terminal region (13). To
better understand the relationship between localization proper-

ties and the structure of the UL51 protein, plasmids pcDNA-
UL51w/t, -UL51DN15, -UL51DN44, -UL51DN75, -UL51DN88,
-UL51DC111, -UL51DC132, -UL51DC164, -UL51DC183,
and -UL51DC208 were constructed (Fig. 6A). These plasmids
produce N- and C-terminal deletion mutants of the UL51
protein under the control of the HCMV promoter. U251 cells
were transfected with each plasmid, harvested at 24 h post-
transfection, and analyzed by immunoprecipitation (Fig. 6B).
The yield of UL51DC111 protein was very poor, resulting in
only a faint band. However, the results showed that these
deletion mutants were expressed as proteins of the expected
sizes. Next, the localization of these mutant proteins in trans-
fected cells was analyzed by immunofluorescence staining. At
24 h posttransfection, UL51w/t was observed predominantly as
a mass or a cluster of dots in the juxtanuclear region (Fig. 6C,
panel b). The localization of all C-terminal deletion mutants
was similar to that of UL51w/t (Fig. 6C, panels e and f),
whereas marked changes were observed in cells transfected
with N-terminal deletion mutants. As shown in Fig. 6C, panels

FIG. 3. Subcellular distribution of the UL51 protein. (A) Lysates of
U251 cells transiently expressing the UL51w/t protein were separated
into the membranous pellet (Mb) (lanes 1 and 3) and the cytosolic
supernatant (Cyt) (lanes 2 and 4) by ultracentrifugation (120,000 � g,
1 h) in the absence (lanes 1 and 2) or presence (lanes 3 and 4) of 1%
Triton X-100 as described in Materials and Methods. The samples
were subjected to SDS-PAGE and analyzed by Western blotting with
the anti-UL51 rabbit polyclonal antibody (upper panel) and mouse
monoclonal antibodies against GM130 (middle panel) or PKC� (lower
panel). (B) ST51 cells were homogenized, the resulting PNS (lane 1)
was ultracentrifuged (120,000 � g, 1 h), and the membranous pellets
(lane 2) and the cytosolic supernatants (lane 3) were collected. The
samples were separated by SDS-PAGE and analyzed by Western blot-
ting with the anti-UL51 rabbit polyclonal antibody and mouse mono-
clonal antibodies against �-COP, �-adaptin, GM130, or PKC�.

FIG. 4. Effect of BFA on the distribution of UL51 protein and
Golgi-58K protein. ST51 cells were pretreated with either AlF (g to i)
or DOG-Az (j to l) for 10 min at 37°C and mock treated (a to c) or
treated with BFA (5 �g/ml) (d to l) for 30 min at 37°C. Cells were then
fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton
X-100. The cells were double stained with anti-UL51 rabbit polyclonal
antibody and anti-Golgi-58K protein mouse monoclonal antibody and
then reacted with anti-rabbit IgG-conjugated FITC and anti-mouse
IgG-conjugated TRITC. Fluorescence images were obtained with the
Bio-Rad MRC 1024 confocal imaging system.
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c and d, N-terminal deletion mutant proteins did not show the
Golgi localization pattern. No specific fluorescence was ob-
served in control cells that were stained with the anti-UL51
rabbit polyclonal antibody (Fig. 6C, panel a).

As described above, the UL51 protein has no obvious hy-
drophobic transmembrane domain, and so experiments were
performed to demonstrate the ability of the first 15 N-terminal
amino acid residues to localize the UL51 protein to the Golgi
apparatus. U251 cells were transfected with the plasmid
UL51N15GFP, which was designed to express the first 15
UL51 N-terminal amino acid residues tagged upstream with
GFP under control of the HCMV immediate-early promoter
(Fig. 7A), and the translocation of the GFP-specific fluores-
cence was investigated by confocal laser-scanning microscopy.
Although pEGFP-N3, used as a control, was diffusely distrib-
uted throughout the cytoplasm and nucleus (Fig. 7A, panel a),
UL51N15GFP-specific fluorescence was observed predominantly
in the Golgi region (Fig. 7A, panel d). Double-staining analysis
revealed that the specific fluorescence of UL51N15GFP colocal-
ized with the Golgi-58K protein (Fig. 7A, panel f) and with
GM130 (data not shown).

These results suggest that the N-terminal 15 amino acid

FIG. 5. Effect of BFA on the distribution of UL51 protein and
�-COP. ST51 cells were pretreated with either AlF (g to i) or DOG-Az
(j to l) for 10 min at 37°C and mock treated (a to c) or treated with
BFA (5 �g/ml) (d to l) for 30 min at 37°C. Cells were then fixed with
4% paraformaldehyde and permeabilized with 0.1% Triton X-100. The
cells were double stained and fluorescence images were obtained as
described in the legend to Fig. 4.

FIG. 6. Effect of N- and C-terminal deletions on the Golgi target-
ing of UL51 protein. (A) Construction of the UL51 deletion mutant
proteins. All of the constructs were inserted into pcDNA3.1(�) as
described in Materials and Methods. Highly conserved amino acid
sequences in alphaherpesviruses are shown by vertical lines in green.
Proline-rich region are shown in red. (B) Expression of the UL51
deletion mutant proteins. U251 cells were transfected with pcDNA-
UL51w/t or each plasmid and labeled with [35S]methionine as de-
scribed in Materials and Methods. Cell lysates were subjected to im-
munoprecipitation with anti-UL51 rabbit polyclonal antibody, and the
labeled proteins were separated by SDS-PAGE and detected by auto-
radiography with the Fujix Bioimaging Analyser BAS 2000 system. The
main bands of each deletion protein are shown by black dots. Molec-
ular mass markers (in kilodaltons) are shown on the left. (C) Intracel-
lular localization of the UL51 deletion mutant proteins. U251 cells
were transfected with each plasmid. After 24 h, cells were fixed with
4% paraformaldehyde and permeabilized with 0.1% Triton X-100. The
samples were stained with the anti-UL51 rabbit polyclonal antibody
and then reacted with anti-rabbit IgG-conjugated FITC. Fluorescence
images were obtained with the Bio-Rad MRC 1024 confocal imaging
system.
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residues, but not the C-terminal proline-rich domain, are cru-
cial for the localization of the UL51 protein to the Golgi
apparatus. Moreover, it is suggested that the first 15 N-termi-
nal amino acid residues alone are sufficient to translocate the
GFP into the Golgi apparatus.

Golgi targeting is dependent on palmitoylation at N-termi-
nal cysteine. In order to specify an amino acid residue(s) that
is responsible for Golgi targeting within the N-terminal region
of the UL51 protein, we carried out amino acid substitution
analysis. U251 cells were transfected with the plasmids
pcDNA-UL51C9S and -UL51C9A, which were designed to
express mutants of the UL51 protein with single amino acid
substitutions in which the cysteine residue at N-terminal posi-
tion 9 was replaced with serine and alanine, respectively (Fig.
7B). The mutated proteins did not colocalize with the Golgi-
58K protein (Fig. 7B, panels d to i) and GM130 (data not
shown) but showed a more cytosolic distribution pattern than
the wild type (Fig. 7B, panel a). These results suggest that
cysteine at position 9 is involved in directing the UL51 protein
specifically to the Golgi apparatus.

Several proteins peripherally associated with Golgi mem-
branes have N-terminal sequences that include sites for mod-
ification with palmitic acid (15, 34, 35, 44). It is also known that
nearly all palmitoylated proteins are acylated by attachment of
palmitate through a thioester linkage to the sulfhydryl group of
cysteine (48). To determine whether the UL51 protein is
palmitoylated in vivo, transfected cells were metabolically la-
beled with [3H]palmitic acid and immunoprecipitated with the
anti-UL51 rabbit polyclonal antibody. As shown in Fig. 8B,
neither of the cysteine mutants could be labeled with
[3H]palmitic acid, while only UL51w/t was labeled efficiently
(Fig. 8B, lane 3), indicating that these mutants can no longer
be acylated by palmitic acid. Similar to the case for the cysteine
mutants, UL51DN15, which is the version of the UL51 protein
with the first 15 N-terminal amino acids truncated, also was not
labeled to any detectable level (Fig. 8B, lane 4). As controls,
these different UL51 mutant proteins were labeled with
[35S]methionine (Fig. 8A). All constructs were found to be
expressed at levels equal to or greater than that for the wild
type (Fig. 8A). The acylation of UL51 protein by palmitic acid
was also detected at 9 h p.i. in HSV-1-infected cells (Fig. 8C).
These data indicate that the attachment of palmitic acid to
UL51 protein occurred through a thioester linkage to the N-
terminal cysteine at position 9 and that the UL51 protein is
palmitoylated both in transfected and in HSV-1-infected cells.

As shown in Fig. 7B, the nonpalmitoylated UL51 mutant
proteins showed no predominant localization to the Golgi ap-
paratus. We therefore performed subfractionation analysis to
determine whether palmitoylation affects the ability of the
UL51 protein to bind to membranes. Figure 9 shows that all of
the nonpalmitoylated UL51 mutant proteins, unlike the wild-
type protein, were detected predominantly in the cytosolic
fractions. As a control, the same cell fractions were also probed
with monoclonal antibodies against GM130, �-COP, and
PKC�. These data suggest that the palmitoylation of UL51
protein plays an important role in its membrane binding abil-
ity.

The UL51 protein is incorporated into virions in the process
of envelopment. To learn more about the properties of mem-
brane association of UL51 protein in transfected and infected

FIG. 7. Mutational analysis of the first 15 amino acid residues of
the UL51 protein. (A) The first 15 amino acids of UL51w/t were fused
to the N terminus of GFP in frame (UL51N15GFP). U251 cells were
transfected with pEGFP-N3 (panels a to c) or UL51N15GFP (d to f).
At 24 h posttransfection, the cells were fixed and permeabilized as
described in Materials and Methods. The samples were reacted with
anti-Golgi-58K protein mouse monoclonal antibody (panels b and e).
The inset shows high magnification of the juxtanuclear region. (B) The
cysteine at position 9 of UL51w/t was replaced by serine (UL51C9S) or
alanine (UL51C9A). U251 cells were transfected with UL51w/t (panels
a to c), UL51C9S (panels d to f), or UL51C9A (panels g to i). The
samples were double stained with anti-UL51 rabbit polyclonal anti-
body (panels a, d, and g) and anti-Golgi-58K protein mouse monoclo-
nal antibody (panels b, e, and h). Fluorescence images were obtained
with the Bio-Rad MRC 1024 confocal imaging system.
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cells, a protease digestion assay was performed. U251 cells
were transfected with pcDNA-UL51w/t and harvested at 24 h
posttransfection. After the cells were homogenized by 10
strokes with a glass homogenizer, proteinase K was added to

cell homogenates in the presence or absence of Triton X-100.
In transfected cells, the UL51 protein was sensitive to protein-
ase K in either the presence or absence of Triton X-100 (Fig.
10A). Golgi-associated marker proteins, which face the cyto-
plasm, were also sensitive to the proteinase even in absence of
Triton X-100 (Fig. 10A), while a significant part of the trans-
ferrin receptor (TfR), which is present within cytoplasmic ves-
icles and on the cell surface, was significantly resistant to pro-
teinase K in the absence of Triton X-100. Since TfR has an
N-terminal cytoplasmic region (32), the decrease in its appar-
ent molecular weight may be due to the digestion of that region
(Fig. 10A). Thus, it is likely that the UL51 protein was local-
ized on the outer or cytoplasmic surface of the Golgi mem-
brane in singly expressing cells.

We next examined the sensitivity of the UL51 protein in
infected cells. As shown in Fig. 10B, the UL51 protein was
resistant to 100 �g of proteinase K per ml in the absence of
Triton X-100, whereas it was highly sensitive to the proteinase
in the presence of the detergent. The sensitivities of Golgi-
associated marker proteins and TfR to proteinase K in infected
cells and transfected cells were similar.

The association of UL51 protein with intracellular capsids in
the infected cells was examined by TIEM. HSV-1-infected
U251 cells were fixed, harvested at 24 h p.i., and embedded in
acrylic resin. Ultrathin sections were prepared and treated with
5% normal goat serum to reduce nonspecific reactions before
incubation with preimmune rabbit serum or anti-UL51 rabbit
polyclonal antibody followed by treatment with anti-rabbit
goat immunoglobulin G (IgG) conjugated to 10-nm-diameter
gold particles. No specific immunolabeling was seen in the
control cells reacted with preimmune serum (Fig. 11A). In-
tense labeling of the UL51 protein was found around intracel-
lular virions (Fig. 11B). Some labeling was also found in the
vicinity of L-particle-like structures and with some membra-
nous structure that was observed near the UL51-labeled intra-
cellular virion (Fig. 11B).

FIG. 8. Palmitoylation of UL51 protein. (A and B) Transfected
U251 cells were labeled with [35S]methionine (A) or [3H]palmitic acid
(B) as described in Materials and Methods. Cell lysates were immu-
noprecipitated with anti-UL51 rabbit polyclonal antibody (lanes 1 and
3 to 6) or preimmune rabbit serum (lane 2), and the labeled proteins
were mixed with the sample buffer (without �-mercaptoethanol). The
samples were separated by SDS-PAGE and detected by autoradiogra-
phy. (C) HSV-1-infected U251 cells were labeled with [35S]methionine
or [3H]palmitic acid. At 9 h p.i., cells were harvested and the lysates
were immunoprecipitated and analyzed as described in Materials and
Methods.

FIG. 9. Membrane binding of nonpalmitoylated UL51 mutant pro-
teins. Transfected U251 cells were harvested at 24 h posttransfection.
The cells were homogenized, the resulting PNS was ultracentrifuged
(120,000 � g, 1 h), and then the membranous pellets (Mb) and the
cytosolic supernatants (Cyt) were collected as described in Materials
and Methods. The samples were separated by SDS-PAGE and ana-
lyzed by Western blotting with the anti-UL51 rabbit polyclonal anti-
body and mouse monoclonal antibodies against GM130, �-COP, or
PKC�.
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DISCUSSION

The present study demonstrates that the UL51 protein co-
localizes closely with Golgi marker proteins such as Golgi-58K
and GM130 in UL51-transfected cells but does so only partially
in HSV-1-infected cells. The protease digestion assay suggests
that the UL51 protein localizes on the cytoplasmic face of the
Golgi membrane in transfected cells, whereas in HSV-1-in-
fected cells it localizes mainly to the inner side of cytoplasmic
vesicles and/or the viral envelope. Furthermore, it is suggested
that palmitoylation of the N-terminal cysteine at position 9 of
the UL51 protein is required for its Golgi localization.

We have previously shown that the UL51 protein localizes to
the perinuclear region of the cytoplasm both in HSV-1-in-
fected Vero cells and in transfected COS-1 cells expressing
only UL51 (13). In that study, we exclusively used cold acetone
for fixation of cells and failed to specify the subcellular local-
ization of the UL51 protein. We now provide evidence that the
UL51 protein localizes to the Golgi region in both HSV-1-
infected and transfected cells, although the precise localiza-
tions were different. The Golgi localization of the UL51 pro-
tein in transfected cells was confirmed by double staining for
Golgi-associated marker proteins, including the Golgi-58K
protein, GM130, �-COP, and �-adaptin. Both the Golgi-58K
protein and GM130 are peripheral membrane-associated pro-
teins exposed to the cytoplasmic side of the Golgi apparatus (8,
23), while �-COP and �-adaptin are coat proteins of the non-
clathrin-coated vesicles and clathrin-coated vesicles, respec-
tively (19, 20, 38, 54, 55, 63). In contrast to the distribution
patterns of the Golgi-58K protein and GM130, �-COP and
�-adaptin were widespread in both infected and transfected
cells, as expected from the distribution of these vesicles. The
juxtanuclear localization pattern of UL51 protein in infected
cells predominated until 12 h p.i., but even at 6 h p.i. a con-
siderable part of the UL51 protein did not colocalize with the
Golgi marker proteins. Although our data clearly show the
intrinsic nature of UL51 protein to be associated with the

FIG. 10. Sensitivity of UL51 protein to proteinase K. U251 cells
expressing only the UL51w/t protein (A) and HSV-1-infected U251
cells (B) were treated with proteinase K in the absence (�) or presence
(�) of 1% Triton X-100. All samples were then separated by SDS-
PAGE and analyzed by Western blotting with the anti-UL51 rabbit
polyclonal antibody and with mouse monoclonal antibodies against the
Golgi-58K protein, GM130, �-adaptin, �-COP, or TfR. Positions of
molecular mass markers (in kilodaltons) are indicated on the left.

FIG. 11. TIEM of HSV-1-infected U251 cells. Thin sections were prepared as described in Materials and Methods and incubated with
preimmune rabbit serum (A) or the anti-UL51 rabbit polyclonal antibody (B) after treatment with 20% normal goat serum to block nonspecific
antibody reactions. Samples were then incubated with anti-rabbit IgG-conjugated 10-nm-diameter gold particles. After extensive rinsing, sections
were stained with uranyl acetate and lead citrate and examined with a Hitachi H7100 transmission electron microscope at 100 kV. Some of the
enveloped capsids (arrows) were labeled. Labeling was also found in L-particle-like structures (large arrowheads) and along with membranous
structures (small arrowheads). The inset shows an enveloped intracellular capsid labeled for UL51 proteins. Bars, 200 nm.
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Golgi apparatus, the process of HSV replication appears to
affect its interaction with the Golgi apparatus. In HSV-1-in-
fected Vero and Hep-2 cells, the Golgi apparatus is known to
be fragmented and dispersed (2, 62). This may partly explain
the difference in the localization patterns of the UL51 protein
and Golgi marker proteins in transfected and infected cells. At
24 h p.i., UL51 protein-specific fluorescence was detected in
the vicinity of the plasma membrane, whereas Golgi marker
proteins were detected in the cytoplasm as a faint granulated
fluorescence. TIEM revealed that a large number of extracel-
lular virions were adjacent to the plasma membrane, especially
at the margin of cell-to-cell junctions (data not shown). The
UL51-specific fluorescence observed in the vicinity of the
plasma membrane at 24 h p.i. may be attributed to virion-
associated UL51 protein.

Although analysis of the predicted sequence of the UL51
protein revealed no obvious hydrophobic transmembrane do-
main, the UL51w/t protein was detected in both membranous
pellet and cytoplasmic supernatant fractions. The results are
not due to contamination of each fraction, because GM130
and PKC�, which were used as controls, were detected only in
the membranous pellet and cytosolic fractions, respectively
(Fig. 3B). It is likely that the UL51 protein has two different
forms, a membrane-associated form and a cytosolic soluble
one. We found that UL51 protein was labeled with
[3H]palmitic acid and that replacement of the cysteine with
serine or alanine abolished the Golgi localization (Fig. 7B,
panels d and g). These observations suggest that palmitoylation
contributes to membrane attachment and targeting of the
UL51 protein to the Golgi apparatus. This is further supported
by the results of subfractionation of cells expressing nonpalmi-
toylated UL51 mutant proteins (Fig. 9), all of which were
associated with the membranous fractions to a much lesser
extent than the palmitoylated UL51w/t. We thus conclude that
modification of the cysteine residue at position 9 by palmitic
acid is most important for its membrane association and Golgi
targeting, although we cannot rule out the possibility that the
UL51 protein has another signal for its intracellular localiza-
tion.

Previous studies have shown that Golgi-associated proteins,
including �-COP, �-adaptin, the Golgi-58K protein, and
GM130, are rapidly redistributed into the cytosol after BFA
treatment (17, 23, 45, 51). The addition of BFA disperses
�-COP throughout the cytoplasm as early as 2 min after expo-
sure (49, 51). Gao et al. also reported that �-COP can be
dispersed into the cytosol after only 50 s of BFA treatment in
NRK cells (23). In our case, �-COP was completely redistrib-
uted into the cytoplasm by 10 min after BFA addition, consis-
tent with previous observations. BFA-induced redistribution of
the Golgi-58K protein and GM130 was slightly slower than
that of �-COP. Under these conditions, UL51 protein was
redistributed into the cytoplasm as rapidly as �-COP. Although
BFA has dramatic effects on the intracellular localization of
Golgi-associated proteins, these perturbations are fully revers-
ible within minutes after drug removal (17, 23, 45, 51). The
reassociation of UL51 protein with the reforming Golgi appa-
ratus was already detected at 30 min after BFA washout, as
seen with Golgi marker proteins (data not shown). Thus, the
effect of BFA on the UL51 protein is fully reversible.

The BFA-induced redistribution of UL51 protein was pre-

vented by pretreatment of cells with DOG-Az but not with
AlF. The reagent AlF, the active species of NaF and AlCl3,
interacts with the GDP-bound form of the G	 subunit by
mimicking the �-phosphate of GTP, thereby activating hetero-
trimeric G proteins (31). AlF stabilizes �-COP binding to the
Golgi apparatus even in the presence of BFA (17). In addition
to �-COP, AlF can also stabilize the association of �-adaptin,
Rab 6, and mannosidase II with the Golgi apparatus (49, 51).
On the other hand, the combination DOG-Az inhibits BFA-
induced redistribution of the Golgi apparatus because of ATP
depletion. Previous reports have shown that ATP depletion
alone disrupts the association of �-COP with the Golgi appa-
ratus (17, 49). We found that the BFA-induced redistribution
of the UL51 protein, like that of the Golgi-58K protein and
GM130, was prevented by ATP depletion. Our observations
thus suggest that at least heterotrimeric G proteins are not
involved in regulating the Golgi association of the UL51 pro-
tein and that ATP is required for BFA-induced redistribution
of the UL51 protein.

The UL51 protein in HSV-1-infected cells, unlike that in
transfected cells, was highly resistant to protease in the ab-
sence of Triton X-100, suggesting that the majority of the
UL51 protein in infected cells was present within the cytoplas-
mic vesicles or the viral envelope. In the process of HSV
replication, progeny nucleocapsids exit from the nucleus by a
budding-fusion event on the inner and outer nuclear mem-
branes and then acquire the final envelope in a cytoplasmic
area. Previous studies reported that the Golgi apparatus, es-
pecially the trans-Golgi network (TGN), is an important or-
ganelle with regard to envelopment (10, 27, 41, 66). In addi-
tion, Harley and colleagues reported that enveloped infectious
virions accumulate in organelles with biochemical properties
similar to those of the TGN and endosomes and that nonen-
veloped capsids are tethered to the cytoplasmic face of these
organelles (27). Our TIEM analysis showed that UL51 labeling
was detected along with some membranous structures ob-
served near the intracellular virion. Taking these results to-
gether with the previous results that the Golgi apparatus is
fragmented and dispersed in HSV-1-infected cells (2, 62), it is
possible that the membranous structures labeled with the
UL51 protein in HSV-infected U251 cells may be such frag-
mented vesicles derived from the TGN.

A number of viruses encode palmitoylated proteins that play
important roles in the process of virus assembly and release.
Vaccinia virus encodes six palmitoylated proteins, four of
which have been shown to be important in either egress or
cell-to-cell spreading (25). Sindbis virus also encodes a palmi-
toylated protein E2 which functions in virus assembly and
envelopment (29). HSV-1 UL11 protein is acylated both with
myristic acid (34, 36, 37) and palmitic acid (34), binds to the
cytoplasmic face of internal membranes (4, 36), and plays a
role in the envelopment and egress of viral nucleocapsids (5,
37). The UL51 protein, unlike the UL11 protein, has no ami-
no-terminal myristoylation motif MGXXXS/T/A/C/N, and in
fact [3H]myristic acid labeling of the UL51 protein was not
detectable (data not shown), suggesting that it is a type III
palmitoylated protein (48).

Palmitoylation involves the posttranslational attachment of
the C16 saturated fatty acid palmitic acid to the thiol group of
a specific cysteine residue of soluble and transmembrane pro-
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teins in the endoplasmic reticulum, the Golgi complex, or the
plasma membrane (21, 42, 47). In contrast to the chemical
stability of the acyl-amide bond in N myristoylation (9), the
chemically labile acyl-thioester bond allows regulated cycles of
palmitoylation and depalmitoylation that are thought to be
important in controlling a protein’s subcellular localization,
conformation, protein-protein interactions, and activity (50,
61, 64, 65). Our results indicate that the UL51 protein can take
two different forms, a membrane-binding form and a cytosolic
soluble form. Thus, it is possible that the specific acyl modifi-
cations of the UL51 protein define not only its susceptibility to
palmitoylation-depalmitoylation cycling but also its specific
targeting to the Golgi membrane or intracellular trafficking
pathway of progeny capsids, as in the case of other viral palmi-
toylated proteins. It has been reported that an HSV-1 mutant
lacking the BamHI D� fragment plus the C-terminal 202 amino
acid residues of UL51 forms very small plaques although the
plaque size of the recombinant lacking only the BamHI D�
fragment is similar to that of the parent virus (6). From our
results, we hypothesize that the UL51 protein may participate
in the targeting of viral capsids to the final envelopment site
and/or virus particle trafficking associated with the Golgi ap-
paratus. UL51 null mutants will be very useful for further
understanding the role of this protein in the HSV replication
cycle. Such studies are now in process.
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