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Syncytium formation in cells that express herpes simplex virus glycoprotein B (gB), gD, gH, and gL is
blocked by gK (E. Avitabile, G. Lombardi, and G. Campadelli-Fiume, J. Virol. 77:6836-6844, 2003). Here, we
report the results of two series of experiments. First, UL20 protein (UL20p) expression weakly inhibited
cell-cell fusion. Coexpression of UL20p and gK drastically reduced fusion in a cell-line-dependent manner, with
the highest inhibition in BHK cells. Singly expressed UL20p and gK localized at the endoplasmic reticulum
and nuclear membranes. When they were coexpressed, both proteins relocalized to the Golgi apparatus.
Remarkably, in cells that coexpressed UL20p and gK, the antifusion activity correlated with a downmodulation
of gD, gB, gH, and gL cell surface expression. Second, gB, 4., has a partial deletion in the cytoplasmic tail that
removed endocytosis motifs. Whereas wild-type (wt) gB was internalized in vesicles lined with the endosomal
marker Rab5, gB, ., was not internalized, exhibited enhanced cell surface expression, and was more efficient
in mediating cell-cell fusion than wt gB. The antifusion activity of UL20p and gK was also exerted when gB , ¢,
replaced wt gB in the cell fusion assay. These studies show that the gB C tail carries a functional endocytosis
motif(s) and that the removal of the motif correlated with increased gB surface expression and increased fusion
activity. We conclude that cell-cell fusion in wt-virus-infected cells is negatively controlled by at least two
mechanisms. The novel mechanism described here involves the concerted action of UL20p and gK and
correlates with a moderate but consistent reduction in the cell surface expression of the fusion glycoproteins.
This mechanism is independent of the one exerted through endocytosis-mediated downmodulation of gB from

the plasma membrane.

Membrane fusion events are required at various steps in the
herpes simplex virus 1 (HSV-1) replicative cycle. First, fusion
takes place at virus entry into the cell and requires glycoprotein
D (gD) as the receptor-binding glycoprotein (13, 54) in concert
with ¢B and the gH-gL heterodimer (12, 17, 48). Cumulatively,
these glycoproteins are designated the fusion glycoproteins.
Second, even though the phenomenon of virus exocytosis is not
fully understood, virions likely leave the perinuclear space by
fusion of the virion envelope with the outer nuclear membrane
and are released from the plasma membrane by fusion of the
virion-encasing vesicle with the cytoplasmic side of the plasma
membrane. Third, cells infected with HSV syncytial (syn) mu-
tants, but not with wild-type (wt) HSV, fuse with adjacent cells,
producing syncytia.

In addition to promoting fusion, HSV regulates membrane
fusion negatively, a process less well understood than fusion
induction. At least three steps require the negative control of
fusion. First, cells infected with wt HSV do not fuse with
adjacent cells, despite the fact that they express the fusion
glycoproteins at the cell surface. A likely explanation is that
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mechanisms that prevent the fusion activity of the four glyco-
proteins exist and that the syn mutations that map to genes
other than those for the four glycoproteins target proteins that
negatively control fusion. gK and the UL20 protein (UL20p)
belong to this group. Second, during virus egress, the virion-
encasing vesicles are prevented from fusing with the virion
envelope. Third, the luminal faces of the exocytotic pathway
membranes are embedded with fusion glycoproteins, yet they
do not fuse with each other.

The four glycoproteins required for virus entry are necessary
and sufficient to induce cell-cell fusion when expressed from
transgenes (10, 42, 56). The cell-cell fusion assay serves as a
surrogate for virion-to-cell fusion and infected-cell fusion, even
though major differences exist between these systems. Thus, in
the cell-cell fusion assay, wt proteins suffice to give rise to
syncytia, whereas in infected-cell fusion, syn mutations are
required (29, 50, 53). In addition, the cell-cell fusion assay is
suitable to investigate the properties of fusion glycoproteins
and the entities and mechanisms that regulate HSV-induced
fusion. Examples are HSV-1 and HSV-2 gB mutants carrying
deletions or substitutions in predicted endocytosis motifs,
which exhibited enhanced fusion activity and therefore be-
haved as gB syn alleles (18, 36).

The HSV genome carries a number of syn mutations located
in the gK, gB, UL20, UL24, and gL genes (4, 8, 11, 14, 15, 23,
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31, 43-46, 48, 51). Some of them result in cell-cell fusion in a
cell-line-independent manner, while others induce fusion in
some cells but not in others (3, 29, 50, 53).

gK is a polytopic membrane glycoprotein (24, 32, 47) whose
topology has been debated (19, 34, 47). Its high hydrophobicity
accounts for poor immunogenicity and the difficulties encoun-
tered in studying this protein. It has been reported that in cells
that coexpress gK and UL20p and in transfected-infected cells,
gK can be detected by immunocytochemical staining at the
surfaces of infected cells and cells coexpressing UL20p (19,
21). A prominent feature of gK is that it enables virus exocy-
tosis (20, 25, 27). By applying the cell-cell fusion assay, our
laboratory found that gK inhibits fusion; a syn allele blocks
fusion to a lesser extent (1).

UL20p shares important properties with gK, including a
predicted polytopic structure (33). A UL20 deletion mutant
virus is defective in virus exocytosis and in glycoprotein trans-
port to the cell surface (2, 5, 57). This effect was cell line
dependent and was apparent in cells in which the Golgi appa-
ratus was fragmented following HSV infection. As was the case
with gK, its high hydrophobicity and low immunogenicity hin-
dered a biochemical characterization of UL20p.

The objective of these studies was to investigate whether
UL20p is one of the entities that exert antifusion activity and
whether this activity is increased when UL20p is coexpressed
with gK. We report that ectopic expression of UL20p alone
inhibited fusion moderately, while its coexpression with gK
inhibited fusion to a high level in a cell-line-dependent fashion
and induced the relocalization of both proteins to the Golgi
apparatus. Furthermore, an endocytosis-defective gB mutant
(gBasge7) exhibited increased cell surface expression and fusion
activity. The fusion mediated by gB,s; remained negatively
regulated by UL20p and gK.

MATERIALS AND METHODS

Cells and viruses. BHK, Vero, and COS cells were grown in Dulbecco’s
modified Eagle minimal essential medium (DMEM) containing 5% fetal bovine
serum (FBS). Cells were seeded less than 20 h prior to infection and transfected
at about 80% confluence.

Antibodies. Anti-myc monoclonal antibody (MAb) and anti-V5 MAb were
purchased from Invitrogen, anti-myc polyclonal antibody (PAb) was from Sigma-
Aldrich, and anti-Rab5a PAb was from Santa Cruz. The following antibodies
were previously described: MAb-30 (anti-gD) (9), H233 (anti-gB) (41), 52S
(anti-gH) (52), VIII-62-65 (anti-gL) (37), MAb to giantin (30), and PAb to
calnexin (55). Anti-UL20 rabbit PAb raised against a UL20-f-galactosidase
(B-Gal) fusion protein that contained almost the entire UL20 coding sequence
fused to a cro-Escherichia coli LacZ gene was described previously (57). The
antibody to rat epidermal growth factor receptor 2A (EGFR2A) was the anti-
pl85neu Ab-4 clone 7.16.4 from Oncogene Research Products (San Diego,
Calif.).

Plasmids and baculoviruses. For construction of pUL20-pcDNA, the UL20
gene was amplified from the HSV-1(F) genome by PCR with primers 5'-GT
CTCC CCAGCT AGCCCG CACACC CCATGA C (Nhel-fw) and 5'-CCCCCC
CGCTCG AGCCCC GTTAGA AGCCGA C (Xhol-rev) and cloned into the
Nhel-Xhol sites of the pcDNA 3.1(—) vector under the immediate-early cyto-
megalovirus (CMV) promoter. The UL20 gene was also subcloned from pcDNA
3.1 into the pMTS1 vector (pAc-CMV) (59), an empty baculovirus transfer
plasmid, as an EcoRI-NotI fragment, generating pUL20-MTS. The gBAg4,-MTS
vector carries a truncated form of gB in which the 37 C-terminal amino acids of
the C tail are placed downstream of a stop codon. It was generated by insertion
of a nonsense mutation into gBwt-MTS (58) by site-directed mutagenesis with
the primer 5'-GACCTT GGCGCT GAGGCG GCCGCT CTAGCC CTTCTT
CTTGGC-3', which replaced T867 with a stop codon and introduced a NotI site
for screening. The expression plasmids for gB, gH, and gL were described
previously (58). Briefly, the genes amplified from the HSV-1(F) genome were
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cloned in the pMTS1 vector (59) under the control of the CMV early promoter.
The wtgK-MTS vector, containing a Myc epitope (10 residues) inserted in frame
at residue 283 of HSV-1(F) gK, was previously described (1). The pMTS1 vector
is suitable for constitutive expression in mammalian cells and for recombination
into baculovirus DNA. Recombinant baculoviruses expressing HSV-1 gK and
UL20p, suitable for expression in mammalian cells, were obtained by cotrans-
fection of the corresponding baculovirus transfer vectors (wtgK-MTS or pUL20-
MTS) with BaculoGold DNA (Pharmingen) in Sf9 insect cells, according to the
manufacturer’s instructions. The technologies to grow and titrate baculoviruses
were described elsewhere (59). Rab7-green fluorescent protein (GFP) was pre-
viously described (39). EGFR2A (previously named ECDTM, for extracellular
domain and transmembrane) carries the extracellular domain and transmem-
brane sequences of rat HER-2/neu (nucleotides 25 to 2096) (GenBank accession
number NM_017003) and is deleted from the tyrosine kinase domain (49).

Cell-cell fusion assay. Subconfluent cultures of BHK, COS, and Vero cells
grown on glass coverslips in 24-well plates were transfected with DNA mixtures
that contained the expression plasmids for gD, gH, gL, and wt gB or gBAgg, plus
the pcDNA 3.1(—) Myc-His/Lac vector (Invitrogen), for constitutive expression
of B-Gal. Where appropriate, the DNA from plasmid gK-myc (wtgK-MTS),
UL20-pcDNA, or EGFR2A was added (160 ng in each transfection mixture
unless otherwise indicated). The amounts of DNAs were optimized for each cell
line to yield syncytia that could readily be scored by digital microscopy in terms
of syncytium size and image contrast. Thus, BHK and COS cells required a
smaller amount of the fusion glycoprotein plasmids than did Vero cells. Vero
cells also required a larger amount of pcDNA 3.1(—) Myc-His/Lac than the other
cells. The amounts of plasmid DNA used for each experiment are specified in the
figure legends. The amounts of DNA in the transfection mixtures were made
equal by addition of pMTS1, as appropriate. Transfections were performed with
Polyfect (QIAGEN) according to the manufacturer’s instructions. After incuba-
tion at 37°C for 24 or 48 h, cells were fixed with 0.2% glutaraldehyde and 0.2%
paraformaldehyde in phosphate-buffered saline (PBS). Syncytia were detected by
light microscopy observation of B-Gal-expressing cells with an Axioplan Zeiss
microscope equipped with a Kodak DC120 digital camera and Kodak Digital
Science 1D LE 3.0 software after the cells were stained with 5-bromo-4-chloro-
3-indolyl-B-p-galactopyranoside (X-Gal). The entire coverslip was photographed
with a low-magnification objective (1.25X). The largest possible square con-
tained in the micrograph (6.35 by 6.35 cm) was defined. The nonblue areas were
deselected by means of the “magic tool” and subtracted from the square area
with the Photoshop Histogram program. The resulting value represented the
blue syncytial areas, expressed in pixels.

Immunofluorescence. gK and UL20p localization experiments were carried
out with subconfluent COS or Vero cells grown on glass coverslips and trans-
fected with 400 ng of each of the two plasmids. Cells were fixed at 30 h after
transfection. Confluent BHK cells were infected with baculo-gK and/or baculo-
UL20 recombinant baculoviruses at 37°C for 1 h; the culture medium was then
replaced with fresh DMEM containing 1% FBS and 3.0 mM sodium butyrate and
fixed 16 h later. For gD surface expression, subconfluent COS cells were co-
transfected with expression plasmids for gB, gD, gH, and gL (40 ng of each) in
the absence or presence of the wtgK-MTS and pUL20-pcDNA vectors (160 ng of
each). The amounts of DNA in the transfection mixtures were made equal by the
addition of pMTSI, as appropriate. The antibodies and lectins were diluted as
follows: giantin, 1:100; calnexin, 1:20; a concanavalin A (ConA)-fluorescein iso-
thiocyanate (FITC) conjugate (Sigma-Aldrich), 1:150; a MAb to myc, 1:200; a
PAb to myc, 1:100; a PAb to UL20, 1:1,000; a secondary FITC- or rhodamine-
conjugated immunoglobulin (Ig) (Sigma and Jackson Laboratories, respectively),
1:1,000; and MAbs to gB, gD, gH, and gL, 1:400. For the gB endocytosis
experiment, subconfluent COS cells were transfected with 250 ng of gBwt-MTS
or gBags7-MTS per well, starved 24 h later in serum-free DMEM for 2 h, and
then incubated with MAb H233 (1:400) (anti-gB) in ice-cold HEPES-buffered
DMEM for 1.5 h at 4°C. After being rinsed, the samples were returned to 37°C
in DMEM without serum for the indicated times and finally fixed in 4% para-
formaldehyde, permeabilized with Triton X-100, and stained with PAb to Rab5a
(1:100) and then anti-rabbit FITC-conjugated and anti-mouse tetramethyl rho-
damine isothiocyanate-conjugated IgG.

Fluorescence-activated cell sorting (FACS) analysis. Subconfluent COS cells
in T25 flasks were cotransfected with 1 pg of one of the plasmids gBwt-MTS,
gBAg7-MTS, gD-MTS, gH-MTS—gL-MTS, or EGFR2A plus gK-myc (2 pg) and
pUL20-pcDNA (2 pg) or pMTS1 DNA (4 pg). After 24 h, the transfected cells
were harvested with 0.05% EDTA in PBS, pelleted, and washed two times with
ice-cold washing buffer (3% FBS in PBS). The cells were divided into two
aliquots and incubated for 30 min on ice with MAb to the appropriate glyco-
protein (1:150 for MADb to gB, gD, or gH; 1:300 for MAb to gL; 1:20 for MAD to
EGFR2A) or washing buffer. The cells were then washed two times with washing
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buffer and incubated for 30 min on ice with anti-mouse fluorescein-conjugated
1gG (1:400). The cells were washed two times with ice-cold PBS before being
resuspended in 300 pl of PBS. Control samples were reacted with the secondary
anti-mouse FITC-IgG for the detection of nonspecific fluorescence. Their fluo-
rescence was subtracted from the specific positive fluorescence. Cells (10,000)
were acquired in list mode for each sample with a FacsCalibur flow cytometer
(Becton Dickinson, San Jose, Calif.) and analyzed with the Cell Quest program.
Analysis was performed in a biparametric way, considering side scattering and
green fluorescence (FL-1). The former gives information on cellular granularity,
and the latter indicates the presence or absence of the investigated proteins.

RESULTS

Expression and intracellular localization of the UL20 pro-
tein. The UL20 gene amplified from the HSV-1(F) genome by
PCR was cloned in the pcDNA 3.1 vector, generating pUL20-
pcDNA, and subcloned in the pMTS1 vector under the imme-
diate-early CMV promoter. The resulting plasmid, named
pUL20-MTS, was cotransfected with BaculoGold DNA to gen-
erate baculo-UL20. UL20 is the only gene expressed in eukary-
otic cells infected with baculo-UL20. Some cell types, e.g.,
BHK cells, were transduced by recombinant baculoviruses at
high efficiency and readily expressed the transgene, whereas
other cell types, e.g., Vero and COS cells, were fairly resistant
to baculovirus transduction.

The intracellular localization of UL20p in pUL20-pcDNA-
transfected COS and Vero cells and in baculo-UL20-infected
BHK cells was investigated by double immunofluorescence
with the following markers: antibody to calnexin and ConA,
which localize to the endoplasmic reticulum (ER), and anti-
body to giantin, which localizes to the Golgi apparatus. The
results for UL20p localization are shown in Fig. 1. In BHK
cells transduced with baculo-UL20, the UL20p localization was
reticular and diffuse in the cytoplasm (Fig. 1A). In transfected
COS cells, the prominent localization of UL20p was reticular
and diffuse toward the cytoplasm; the nuclear membrane was
brightly decorated (Fig. 1E). Double immunofluorescence
showed colocalization with ConA (Fig. 1G and H) and very
modest colocalization with giantin (Fig. 1E and F). Occasion-
ally, in some cells the staining appeared to be located in part in
a perinuclear position, typical of the Golgi apparatus marker
giantin. In transfected Vero cells, the intracellular distribution
of UL20p was very similar to that observed for COS cells, i.e.,
reticular, or diffusely punctate, toward the cytoplasm (Fig. 1Q).
The nuclear envelope was decorated. Altogether, UL20p was
predominantly localized at the ER and nuclear membranes.

Coexpression of UL20p and gK induces relocalization of
both proteins. We determined whether the intracellular local-
ization of UL20p was modified by coexpression with gK and, in
turn, whether the localization of gK was modified by coexpres-
sion with UL20p. Preliminarily, we investigated the intracellu-
lar localization of gK in the same cells analyzed as described
above for UL20p. The gK construct carries a myc epitope at
residue 283 and was employed previously to investigate gK
localization in 143tk~ and Vero cells (1). It was previously
reported that in the transfected cells, gK can be detected in
fewer cells than the fusion glycoproteins (1). Here, we ob-
served that gK could be detected in fewer cells than UL20p
could be, even though the genes for both were cloned with the
same promoter. The intracellular localization of gK did not
substantially differ from that of UL20p or from that described
in previous reports (1, 26). Specifically, its distribution ap-
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peared to be reticular, or punctate, and diffuse toward the
cytoplasm in transfected COS and Vero cells as well as in
baculo-gK-transduced BHK cells (Fig. 1B, I, and O). The stain-
ing of gK colocalized with that of calnexin (Fig. 1I to J and O
to P) and colocalized very little with that of the Golgi appara-
tus marker giantin (data not shown), indicating a predominant
localization at the ER. The intracellular distribution of gK-V5,
a gK construct that carries the V5 epitope in the N-terminal
extracellular domain I (19), did not differ from that of the
gK-myc employed throughout these studies (data not shown).

In cells coexpressing UL20p and gK, a substantial relocal-
ization of both proteins was observed. Thus, in BHK cells
simultaneously transduced with baculo-UL20 and baculo-gK,
both proteins appeared to be less diffuse in the cytoplasm and
occupied a perinuclear position. The two proteins colocalized
(Fig. 1C and D). A relocalization to a perinuclear position and
colocalization were observed in COS and Vero cells (Fig. 1K,
L, U, and V). Staining of both proteins overlapped in part with
that of giantin (Fig. 1W and X), indicating localization at the
Golgi apparatus. Of note is that the localization at the Golgi
apparatus and nuclear membranes is typical of UL20p in in-
fected cells (57). We were unable to detect by an immunoflu-
orescence assay (IFA) any cell surface localization of either
UL20p or gK, expressed singly or in combination, irrespective
of whether the myc- or V5-tagged gK versions were used (data
not shown), in contrast with the report from Foster et al. (21).
Attempts to detect cell surface expression by FACS were also
unsuccessful (data not shown), and the UL20p antiserum was
not suitable for FACS analysis. It was previously reported that
in a clone of infected Vero cells that overexpresses gK, the
Golgi apparatus collapsed into the ER (19). We did not ob-
serve any substantial modification in the localization of the
Golgi apparatus marker giantin in cells that express gk,
UL20p, or both, implying that in our system the Golgi appa-
ratus did not relocalize to the ER (Fig. 1F, N, T, and X). This
result suggests that the reported collapse of the Golgi appara-
tus may have been dependent on infection, the very high level
of gK expression, or both.

UL20p moderately reduces HSV-induced cell-cell fusion.
The effect of UL20p on HSV-induced fusion was assessed by
cotransfection of pUL20-pcDNA with expression plasmids en-
coding the four glycoproteins gB, gD, gH, and gL. A plasmid
carrying a LacZ gene under the CMV promoter was included
in the transfection mixture. The transfected cells, including
syncytia, were monitored and quantified following X-Gal stain-
ing through digital micrographs (see Materials and Methods).
UL20p moderately inhibited cell-cell fusion in BHK cells (Fig.
2 and 3). The effect was dose dependent (Fig. 2). The inhibi-
tory effect was lower than that exerted by transfection of equiv-
alent amounts of the gK plasmid, whose effect was described
previously and was included here for comparison (Fig. 2).
UL20p also slightly inhibited cell-cell fusion in transfected
COS cells: the inhibition was less than that induced by an
equivalent amount of gK plasmid (Fig. 4). In Vero cells, the
decrease was barely detectable and probably not significant
(Fig. 5). We note that Vero cells overall were scarcely prone to
fusion even though the amount of DNA coding for the fusion
glycoproteins in Vero cells was two times higher than that in
BHK or COS cells (Fig. 5, compare syncytial areas expressed in
pixels). We also note that the extent of inhibition exerted by gK
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FIG. 2. Quantification of cell-cell fusion in BHK cells cotransfected
with plasmids encoding only gB, gD, gH, and gL (BDHL) (40 ng of
each) or gB, gD, gH, and gL plus pUL20-pcDNA or pgK at the
indicated amounts and the pcDNA 3.1(—) Myc-His/Lac vector (80 ng).
The amounts of DNA in the transfection mixtures were made equal by
addition of pMTS1, as appropriate. Syncytia were stained with X-Gal
at 48 h. A digital micrograph of the entire coverslip was taken. The
blue areas corresponding to syncytia were quantified with the Histo-
gram software of Photoshop. Samples were run three times. The bars
indicate standard errors (SE).

alone was smaller than that reported previously (1) and reflects
an improvement in the detection and quantification of the
syncytial areas (see Materials and Methods).

Coexpression of UL20p and gK reduces fusion to a greater
extent than each protein singly in BHK and COS cells but not
in Vero cells. In these experiments, we analyzed the antifusion
activity exerted by the coexpression of UL20p and gK. BHK,
COS, and Vero cells were cotransfected with pUL20-pcDNA,
pgK plasmids, and plasmids encoding the fusion glycoproteins.
In BHK cells, the simultaneous presence of UL20p and gK
reduced syncytium formation to a greater extent than UL20p
alone or gK alone, both at 24 and 48 h after transfection (Fig.
3). At 48 h, the inhibition was almost complete.

In contrast, in Vero cells the simultaneous presence of
UL20p and gK did not increase fusion inhibition (Fig. 5). COS
cells exhibited an intermediate pattern in that the coexpression
of the two proteins increased antifusion activity but the overall
inhibition was on the order of 50% (Fig. 4A).

In order to ascertain whether the antifusion activity was an
effect specific for UL20p and gK and not a nonspecific effect
due to the overexpression of proteins trafficking along the
exocytotic pathway and Golgi apparatus, gK was replaced with
a heterologous glycoprotein, rat EGFR2A (49). This receptor
is deleted from the tyrosine phosphorylation sites and lacks
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FIG. 3. Quantification of cell-cell fusion in BHK cells cotransfected
with expression plasmids encoding wt gB, gD, gH, and gL (40 ng of
each) (A) or gB,gs67, gD, gH, and gL (20 ng of each) (B) plus pUL20-
pcDNA and/or pgK (160 ng of each) and the pcDNA 3.1(—) Myc-His/
Lac vector (80 ng). BDHL, gB, gD, gH, and gL.. The amounts of DNA
in the transfection mixtures were made equal by addition of pMTS1, as
appropriate. Syncytium staining and quantification were performed as
described in the legend to Fig. 2. The bars indicate SE.

signal transduction activity. Figure 4B shows that the replace-
ment of gK with EGFR2A induced a moderate inhibition of
cell-cell fusion in COS cells. Furthermore, UL20p and gK
inhibited fusion even when cells were transfected with half the
amount of the plasmids (20 ng) as that used for the fusion
glycoproteins (40 ng). Altogether, these experiments show that
the overexpression of proteins in the exocytotic pathway and
the Golgi apparatus only moderately affects cell-cell fusion and
provide evidence that inhibition by UL20p and gK is a specific
effect.

A C-tail deletion mutant of gB (gB,g4,) is not endocytosed
and exhibits a greater extent of cell surface expression than wt
gB. The cytoplasmic tail of HSV-1 gB carries three potential

FIG. 1. Intracellular localization of UL20p and gK detected by immunofluorescence. (A to D) BHK cells transduced with baculovirus-UL20
(Bac20), baculovirus-gK (BacK), or both and stained with PAb to UL20p (A and C) or PAb to myc (B and D). (E to X) Two paired images, one
green and one red, are shown for the same photographic field, and the paired panels are E and F, G and H, I and J, K and L, M and N, O and
P,Qand R,Sand T, U and V, and W and X. (E to H) COS cells transfected with pUL20-pcDNA and stained with PAb to UL20p with (F) and
without (E) Ab to giantin and with (H) and without (G) ConA-FITC. (I and J) COS cells transfected with pgK and stained with anti-myc Ab with
(J) or without (I) Ab to calnexin. (K to N) COS cells cotransfected with pUL20-pcDNA and pgK and stained with Ab to UL20p (K and M), myc
(L), or giantin (N). (O and P) Vero cells transfected with pgK and stained with Abs to myc (O) or calnexin (P). (Q to T) Vero cells transfected
with pUL20-pcDNA and stained with Ab to UL20p (Q and S), anti-giantin (T), or ConA-FITC (R). (U to X) Vero cells cotransfected with
pUL20-pcDNA and pgK and stained with Ab to UL20p (U and W), myc (V), or giantin (X). Cells were transfected with 250 ng of each plasmid.
Cells transfected with a single plasmid received an additional 250 ng of pMTS. The protein indicated after the slash identifies the stained protein

in double immunofluorescence.
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FIG. 4. (A) Quantification of cell-cell fusion in COS cells cotrans-
fected for 48 h with expression plasmids encoding wt gB, gD, gH, and
gL (40 ng of each) (wtgB) or gBg47, gD, gH, and gL (20 ng of each)
(gBasg7) plus pUL20-pcDNA and/or pgK (160 ng each). (B) Quanti-
fication of cell-cell fusion in COS cells cotransfected for 48 h with
expression plasmids encoding wt gB, gD, gH, and gL (20 or 40 ng of
each) plus fourfold-higher amounts of pUL20-pcDNA and pgK or
EGFR2A. BDHL, gB, gD, gH, and gL. The transfection mixtures
contained the pcDNA 3.1(—) Myc-His/Lac vector (40 ng), and
amounts of DNA in the transfection mixtures were made equal by
addition of pMTSI, as appropriate. Syncytium staining and quantifi-
cation were performed as described in the legend to Fig. 2. The bars
indicate SE.

endocytosis motifs and is the locus of syn mutations (3, 11, 35).
gB mutants carrying partial C-tail truncations exhibit enhanced
fusion activity in the cell-cell fusion assay and in the context of
infected cells (18). Here, the gB C tail was partially deleted by
insertion of a stop codon in place of T867. The resulting plas-
mid was named pMTS-gBg67.

To characterize gB g4, We investigated whether its intracel-
lular localization differed from that of wt gB. COS cells were
transfected with pMTS-gB g4, fixed at 24 h after transfection,
and analyzed by IFA. Figure 6 shows that gB,g4, localized to
a large extent to the cell surface (Fig. 6M), in contrast to wt gB,
and failed to exhibit the cytoplasmic vesicles that are typical of
wt gB in transfected (Fig. 6K) and infected cells. We investi-
gated whether these vesicles originate by endocytosis by react-
ing the transfected cells with MAb H233 (anti-gB) at 4°C for 90
min and then shifting the cells to 37°C for 0, 30, and 45 min.
Cells were simultaneously analyzed for the localization of two
Rab proteins that associate with the endocytotic vesicles,
Rab5a and Rab7, typical of early and late endosomes, respec-

J. VIROL.

"é 1.5
b
)
[5)
B 11 B BDHL
8 BBDHL+UL20
S 0.5 = BDHL+gK
5 Il BDHL+UL20+gK
>
7]

0 -

wtgB

FIG. 5. Quantification of cell-cell fusion in Vero cells cotransfected
for 48 h with expression plasmids encoding wt gB, gD, gH, and gL (80
ng of each) or gB,g47, gD, gH, and gL (80 ng of each) plus pUL20-
pcDNA and/or pgK (160 ng of each) and the pcDNA 3.1(—) Myc-His/
Lac vector (240 ng). BDHL, gB, gD, gH, and gL. The amounts of DNA
in the transfection mixtures were made equal by addition of pMTS1, as
appropriate. Syncytium staining and quantification were performed as
described in the legend to Fig. 2. The bars indicate SE.

tively (6, 22). They were detected by staining with anti-Rab5a
antibody or by cotransfection with a plasmid encoding Rab7-
GFP (39). The results shown in Fig. 6 show that at zero time
both wt gB and gB, 4., Were present on the cell surface. At 30
min, wt gB localized at small vesicles (Fig. 6E) which increased
in size at 45 min (Fig. 6G). At the steady state, the vesicles and
vacuoles were large in size and lined in part with Rab5a (Fig.
6, compare panels K and L with panels O and Q). Simulta-
neously with vesicle formation, the level of wt gB cell surface
expression decreased (Fig. 6G, K, and O). In sharp contrast, in
gB . g67-expressing cells, vesicles were invariably absent, and the
level of cell surface expression decreased (Fig. 6C, I, and M).
We did not observe any colocalization between gB and Rab7-
GFP (data not shown). Altogether, the experiments demon-
strate that wt gB is taken into vesicles lined with Rab5a, and its
cell surface expression remained high. gB,gs; Was not taken
into vesicles, and its cell surface localization did not decrease.
The presence of a functional endocytosis motif(s) in the cyto-
plasmic tail of gB has been reported recently (7).

2B .56, exhibits enhanced cell-cell fusion activity relative to
wt gB. In order to determine whether gB 44, displays enhanced
syncytium production compared to wt gB, pMTS-gB 4., Was
cotransfected with the expression plasmids carrying the gD,
gH, gL, and LacZ genes in BHK, COS, and Vero cells. The
results shown in Fig. 7 demonstrate that gB .44, mediated the
production of larger syncytia than its wt allele in all three cell
lines tested. Thus, gB,gs, behaved functionally as a gB syn
allele.

Cell-cell fusion mediated by gB .4, is inhibited by UL20p,
gK, and the simultaneous presence of both proteins. Next we
asked whether UL20p and gK inhibited fusion when gB g4,
replaced wt gB. BHK, COS, and Vero cells were cotransfected
with the appropriate expression plasmids, and the extent of
syncytium formation was quantified. The syncytial areas were
so large that in BHK and COS cells the amount of plasmid
DNA for each of the fusion glycoproteins was lowered from 40
to 20 ng. The results shown in Fig. 3 to 5 demonstrate that
UL20p alone or gK alone inhibited cell-cell fusion mediated by
gBs67 in all three cell lines. The reduction was largest in BHK



FIG. 6. Micrographs of COS cells transfected with pgB-MTS (encoding wt gB) (A, B, E, F, G, H, K, L, O, P, and Q) or pgB,gs,-MTS (encoding
gBAss7) (C, D, I, J, M, and N) and reacted with MAb to gB (A, C, E, G, I, K, M, and O) or MAD to Rab5a (B, D, F, H, J, L, N, and P). (A to
J) Endocytosis assays. Cells were reacted with MAb to gB at 4°C and then shifted to 37°C for the indicated times (in minutes), fixed, permeabilized,
and reacted with secondary antibodies. Arrows indicate vesicles lined with gB and Rab5a. Filled arrowheads point to gB-labeled cell surfaces. Open
arrowheads point to a lack of gB on cell surfaces. (O and P) Higher magnification of panels K and L, respectively. (Q) Merged image of panels
O and P shows colocalization of Rab5a and gB.
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FIG. 7. Comparison of the levels of cell-cell fusion induced by wt
gB and gB,gs,. BHK, COS, and Vero cells cotransfected with expres-
sion plasmids encoding wt gB, gD, gH, and gL (WtBDHL) or gBAg67,
gD, gH, and gL (B,gs7DHL) (40 ng of each in BHK and COS cells; 80
ng of each in Vero cells) plus the pcDNA 3.1(—) Myc-His/Lac vector
(40 ng in BHK and COS cells; 240 ng in Vero cells). The amounts of
DNA in all transfection mixtures were made equal by addition of
pMTSI, as appropriate. Syncytium staining and quantification were
performed as described in the legend to Fig. 2. The bars indicate SE.

cells. The coexpression of UL20p and gK in BHK cells in-
creased the antifusion effect so that fusion was almost elimi-
nated. In COS cells, coexpression of the two proteins aug-
mented the inhibition; however, the total level of reduction was
nearly 50%. In Vero cells, we observed not a strong increase in
inhibition but rather a slight increase. Altogether, gB g4, €x-
hibited enhanced fusion activity relative to wt gB. This activity
was subject to the same negative regulation by UL20p and gK
as that induced by wt gB, suggesting that the sequences tar-
geted by gK and/or UL20p are present in gB,gg7-
Simultaneous expression of UL20p and gK selectively de-
creases cell surface expression of HSV glycoproteins. The ob-
jectives of this series of experiments were twofold, i.e., (i) to
determine whether the simultaneous expression of UL20p and
gK affects the cell surface expression of gB, gD, and gH-gL,
and (ii) to determine whether this effect is selective for the viral
glycoproteins or is also exerted on a heterologous cell surface
protein, EGFR2A. For a comparative analysis, cell surface
expression was quantified by FACS analysis using transiently
expressing cells, even though the assay entailed some limita-
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tions. First, COS cells were the only cells that yielded a suffi-
ciently high number of transfected cells. Second, cells express-
ing the four fusion glycoproteins form syncytia that are
excluded by the sorting procedure. Third, the amount of DNA
transfected in a given culture cannot be increased beyond
certain limits. In preliminary experiments, we observed that a
sufficiently high number of transiently expressing cells was ob-
tained when three or, at maximum, four plasmids were cotrans-
fected. Therefore, the effect of UL20p and gK was determined
in cells expressing one of the following glycoproteins: gB, gD,
or gH-gL. The results are summarized in Table 1. For each
glycoprotein, the level of cell surface expression was decreased
by the simultaneous expression of UL20p and gK by 20% or
more. Analysis by means of a paired ¢ test indicated that the
differences were statistically significant (P < 0.05). In contrast,
the presence of UL20p alone or gK alone reduced only slightly
the cell surface expression of each glycoprotein (data not
shown). The cell surface expression of EGFR2A was little
modified by UL20p and gK, with inhibition below 10%. Alto-
gether, these experiments demonstrate that coexpression of
UL20p and gK induces a downmodulation in the cell surface
expression of the fusion glycoproteins; the downmodulation is
selective for the viral glycoproteins and, although not high, is
significant.

Next we determined whether the cell surface expression of
the fusion glycoproteins was downmodulated by UL20p and
gK even when all four fusion glycoproteins were simulta-
neously coexpressed, i.e., under conditions identical to those
employed for the fusion assay. To overcome the limitations
mentioned above, this determination was carried out with an
IFA. The results shown in Fig. 8 demonstrate a marked down-
modulation in cell surface expression of gD. The downmodu-
lation in gB, gH, and gL surface expression was not as high as
that of gD (data not shown) and did not allow us to draw any
firm conclusion.

DISCUSSION

The results reported here show the following. (i) UL20p
inhibited cell-cell fusion mediated by gB, gD, gH, and gL to a
small extent in a cell-line-dependent manner. The inhibition
exerted by UL20p was consistently lower than that exerted by
gK. (ii) Coexpression of UL20p and gK drastically reduced
cell-cell fusion in a cell-line-dependent manner. Thus, fusion
was almost eliminated in BHK cells, reduced by nearly 50% in

TABLE 1. Effect of UL20p plus gK on the cell surface expression of glycoproteins

Cell surface expression® of:

Transfected protein
Glycoprotein”

% Inhibition
Glycoprotein + gK + UL20p®

wt gB 13.27 = 2.01¢
2B Ass7 2323 +3.70
gD 26.1 +3.51
gH 15.15 = 3.54
gL 25.05 + 2.01
EGFR2A 24.68 + 2.05

10.51 = 1.70 21
7.74 = 1.75 24
17.04 = 2.65 35
935 213 38
19.50 = 2.16 22
2271 £ 212 8

“ Expressed as the percentage of unfixed cells reacting with the appropriate glycoprotein Ab (mean * SE) as determined by FACS analysis. Values shown are from

three or more determinations.
? COS cells were transfected with the indicated glycoprotein plasmid.

€ COS cells were transfected with the indicated glycoprotein plasmid, UL20p, and gK.
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FIG. 8. Immunostaining with MAb to gD of COS cells cotrans-
fected with plasmids encoding gB, gD, gH, and gL alone (BDHL) (80
ng of each) (A and C) or gB, gD, gH, and gL plus pUL20-pcDNA and
pegK (160 ng of each) (B and D). The amounts of DNA in all trans-
fection mixtures were made equal by addition of pMTS1, as appropri-
ate. Filled arrowheads indicate gD-labeled cell surfaces. Open arrow-
heads indicate a lack of gD on cell surfaces.

COS cells, and barely inhibited in Vero cells. (iii) The predom-
inant localization of UL20p expressed singly was at the ER and
nuclear membranes and closely resembled that of singly ex-
pressed gK. This localization was observed in all cell lines
tested. (iv) When UL20p was coexpressed with gK, both pro-
teins relocalized, and their predominant site of accumulation
became the Golgi apparatus. (v) The coexpression of UL20p
and gK in COS cells decreased the surface expression of the
fusion glycoproteins gB, gD, gH, and gL by 20 to 40% as
determined by FACS. In contrast, singly expressed UL20p and
gK reduced the cell surface expression to a small extent despite
the fact that gK alone inhibited fusion. (vi) A strong reduction
in gD cell surface expression, measured by IFA, was observed
in COS cells coexpressing the fusion glycoproteins UL20p and
gK. (vii) wt gB was internalized in vesicles and vacuoles lined
with the endocytosis marker Rab5a. (viii) gB,gq7, Which lacks
two predicted endocytosis motifs, was not endocytosed, exhib-
ited an increased level of cell surface expression, and was more
efficient in cell fusion. (ix) Syncytium formation by cells ex-
pressing gB 447 Was inhibited by UL20p and gK, indicating that
the sequences targeted by UL20p and gK were still present.
Recent studies of varicella-zoster virus gE and gH (38, 40)
highlighted that endocytosis is a mechanism that regulates the
level of glycoprotein cell surface expression. The results of this
study show that wt gB is indeed endocytosed into vesicles lined
with the early endosomal marker Rab5a. A truncation in the C
tail resulted in a protein that was no longer endocytosed, in
agreement with a recent report that functional endocytosis
motifs lie downstream of residue 867 (7). At the same time,
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gB g7 Was present at higher levels at the cell surface and was
associated with increased fusion activity. The latter finding is
consistent with earlier observations that the removal of por-
tions of the C tail from gB results in increased fusion activity
both in the cell-cell fusion assay and in the context of infected
cells (18). Similarly, the deletion of a C-tail portion of pseu-
dorabies virus gB resulted in increased fusion activity (28). In
HSV-2, gB truncation of the C tail at residue 862 generated a
form of gB with enhanced cell surface expression and fusion
activity, even though mutagenesis of the tyrosine residue re-
sulted in a higher level of cell surface expression but no en-
hancement in fusion activity (16). While the reason for this
discrepancy is not clear, collectively these properties indicate
that HSV-1 gB carries functional endocytosis motifs in the C
tail and that their removal correlates with increased cell sur-
face expression and increased fusion activity.

In this report, we describe a novel mechanism by which HSV
blocked cell-cell fusion. Specifically, we show that HSV car-
ries genes that encode at least two proteins, UL20p and gK,
that act in concert to block cell-cell fusion mediated by gB,
gD, gH, and gL. This mechanism is independent of and
differs significantly from the endocytosis of gB from the
plasma membrane. Analysis of the mechanism by which
UL20p and gK block cell-cell fusion must take into account
two fundamental observations. The first of these observa-
tions is that viruses with mutations in or deletions of gK or
UL20p can cause cell-cell fusion. The existence of these
mutants, known for many years, indicates that both proteins
play a role in blocking fusion and that in the context of the
infected-cell fusion is a recessive phenotype. The studies
described in this report reproduce in a more restricted sys-
tem the predicted role of these proteins in wt-virus-infected
cells and identify their ultimate targets.

The second observation is that the fusion activity of gD, gH,
gL, and gB is cell type independent, albeit at different efficacies
in different cell lines. In this report, we show that the effec-
tiveness of UL20p and gK at blocking cell-cell fusion was cell
type dependent. The significance of this observation stems
from the notion that the fusogenic activity of syn mutants varies
depending on the site of the mutation. A survey of mutants
published long ago showed that the abilities of some mutants
to fuse cells were strongly cell type dependent, whereas those
of a few others were cell type independent (3, 29, 50, 53). Cell
type dependence may reflect differences in transcriptional fac-
tors that recognize response elements in viral promoters, prop-
erties of protein transport machinery, or the abundance of a
protein factor involved in cell fusion. The significance of this
observation is that both the fusion activity of gB, gD, gH, and
gL and the inhibitory activities of UL20p and gK reflect intrin-
sic phenotypes of cells infected with wild-type or mutant vi-
ruses.

On the basis of these observations, at least three hypotheses
may explain the mechanisms by which UL20p and gK block
cell-cell fusion. The first hypothesis is that gK and UL20p act
at the cell surface to block the interaction of fusion glycopro-
teins. This hypothesis predicts the presence of gK and UL20p
at the plasma membrane and a specific interaction with at least
one of the viral glycoproteins. At present, there is no direct
evidence that UL20p or gK interacts specifically with either gB,
gL, gH, or gD; moreover, the bulk of UL20p and gK is found
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in the Golgi apparatus and not at the plasma membrane. It
should be noted, however, that while the syn mutation in gB
reflects the abolishment of an antifusion activity of this
protein that is independent of gK and UL20p, there exists
the possibility that the syn mutations in other loci may re-
flect a loss of interaction with gK or UL20p. Furthermore,
we cannot eliminate the possibility that UL20p and gK shut-
tle between the Golgi apparatus and the plasma membrane
and therefore would have access to the viral glycoproteins at
the cell surface.

The second hypothesis is that UL20p and gK modify the
steady-state amounts of the fusion glycoproteins at the plasma
membranes. Supporting this hypothesis are the observations
that in cells transduced with UL20p and gK, the amounts of
viral glycoproteins on the surfaces of transfected cells were
diminished and that in infected Vero cells overexpressing gK,
the cell surface gD was decreased (21). This hypothesis pre-
dicts that in infected cells lacking UL20p and gK, there should
be an increase in the amount of glycoproteins transported to
the surfaces of the cells. The fact that in Vero cells infected
with an HSV mutant lacking UL20 the transport of viral gly-
coproteins was arrested in the trans-Golgi apparatus (2) does
not contradict the hypothesis, as a double deletion virus was
not constructed, and Vero cells were the least responsive in
this study. Third, we cannot exclude the possibility that the
dependence of fusion activity of viral proteins on cell type
reflects a titration of cellular inhibitors of cell fusion by the
viral protein and that UL20p and gK act to facilitate the func-
tion of this putative inhibitor. This hypothesis does not predict
a specific interaction between gK and UL20p and the fusion
glycoproteins.

The most striking phenotype of mutant viruses with dele-
tions of the UL20 or gK genes was a defect in virus egress,
suggesting a relationship between virus exocytosis and the
blocking of fusion. This raises the question of whether the
antifusion activity of UL20p and gK is also exerted at com-
partments other than the plasma membrane, particularly in the
exocytotic pathway. The reason why such a control needs to be
postulated is that, in the infected cells, the luminal sides of the
membranes of the exocytotic pathway become embedded with
fusion glycoproteins, yet these membranes do not fuse. For
a number of viruses, the molecular mechanism of control is
the cleavage of the fusion glycoprotein that takes place in
the trans-Golgi network and prevents the premature activa-
tion of fusion activity. HSV glycoproteins do not undergo
cleavage; hence, a mechanism other than this must be func-
tional in HSV-infected cells. We propose that the antifusion
activity of UL20p or gK may also be exerted on the mem-
branes of the exocytotic pathway in order to preserve the
integrity and functionality of this compartment and thus
enable virus egress.

In essence, HSV has evolved at least two mechanisms by
which it blocks cell-cell fusion and possibly prevents fusion in
the exocytotic compartment. The evolution of functional re-
dundancy implies that fusion is inimical to viral replication and
is widespread in nature. The mechanisms and relative contri-
butions to the biology of HSV in human cells of these pathways
remain to be explored further.

J. VIROL.
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