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Herpesviruses cross nuclear membranes (NMs) in two steps, as follows: (i) capsids assemble and bud
through the inner NM into the perinuclear space, producing enveloped virus particles, and (ii) the envelopes
of these virus particles fuse with the outer NM. Two herpes simplex virus (HSV) glycoproteins, gB and gH (the
latter, likely complexed as a heterodimer with gL), are necessary for the second step of this process. Mutants
lacking both gB and gH accumulate in the perinuclear space or in herniations (membrane vesicles derived from
the inner NM). Both gB and gH/gL are also known to act directly in fusing the virion envelope with host cell
membranes during HSV entry into cells, i.e., both glycoproteins appear to function directly in different aspects
of the membrane fusion process. We hypothesized that HSV gB and gH/gL also act directly in the membrane
fusion that occurs during virus egress from the nucleus. Previous studies of the role of gB and gH/gL in nuclear
egress involved HSV gB and gH null mutants that could potentially also possess gross defects in the virion
envelope. Here, we produced recombinant HSV-expressing mutant forms of gB with single amino acid substi-
tutions in the hydrophobic “fusion loops.” These fusion loops are thought to play a direct role in membrane
fusion by insertion into cellular membranes. HSV recombinants expressing gB with any one of four fusion loop
mutations (W174R, W174Y, Y179K, and A261D) were unable to enter cells. Moreover, two of the mutants,
W174Y and Y179K, displayed reduced abilities to mediate HSV cell-to-cell spread, and W174R and A261D
exhibited no spread. All mutant viruses exhibited defects in nuclear egress, enveloped virions accumulated in
herniations and in the perinuclear space, and fewer enveloped virions were detected on cell surfaces. These
results support the hypothesis that gB functions directly to mediate the fusion between perinuclear virus

particles and the outer NM.

Herpesvirus glycoproteins gB and gH/gL participate in two
separate membrane fusion events that occur during different
stages of virus replication. First, during virus entry into cells,
¢B and gH/gL promote fusion between the virion envelope and
either the plasma membrane or endosomes (reviewed in ref-
erences 6, 21, 27, and 39). Second, herpes simplex virus (HSV)
¢B and gH (likely complexed to form a heterodimer with gL),
and likely homologues in other herpesviruses, promote nuclear
egress (12). Herpesvirus capsids are produced in the nucleus
and cross the nuclear envelope (NE) by envelopment at the
inner nuclear membrane (NM), producing perinuclear virions
that then fuse with the outer NM (reviewed in references 35
and 36). There is evidence that HSV gB and gH/gL function in
a redundant fashion in fusion between enveloped, perinuclear
virus particles and the outer NM (12), whereas both gB and
gH/gL are essential for entry fusion (8, 13, 38). Much more is
known about the mechanisms involved in entry fusion than
those involved in egress fusion, and many important questions
remain in terms of how these two membrane fusion processes
relate to each other.
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Entry of HSV into cells involves interactions between the
viral receptor-binding protein gD and the gD receptors (16, 28,
30, 37). When gD binds to its receptors, there are conforma-
tional changes in gD which apparently activate gB and gH/gL,
so that these glycoproteins promote fusion involving the virion
envelope and cellular membranes (21, 32). By using split green
fluorescent protein fusion proteins, also denoted bimolecular
complementation, two groups showed that gD binding to gD
ligands triggers interactions between gB and gH/gL and that
this is accompanied by cell-cell fusion (1, 2). There is also
evidence that gB and gH/gL contribute to different stages of
membrane fusion. When gH/gL is expressed with gD, there is
hemifusion (mixing of the outer leaflets of membranes) of
adjacent cells, and this partial fusion is apparently mediated by
gH/gL (41). However, full fusion (mixing of both inner and
outer leaflets) occurs only when gB is coexpressed with gD and
gH/gL (41). Also supporting a role for gH in membrane fusion,
peptides based on heptad repeats in gH can disrupt model
membranes (14, 15, 17). HSV gB is a class III fusion protein,
structurally similar to vesicular stomatitis virus G protein, with
a three-stranded coil-coil barrel in the central region of the
molecule reminiscent of class I fusion proteins, e.g., influenza
virus hemagglutinin (22). Therefore, herpesvirus gB and gH/gL.
differ substantially from the fusion proteins expressed by all
other well-studied viruses because both gB and gH/gL partic-
ipate directly in membrane fusion, apparently functioning in
different aspects of entry fusion.
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HSV gB and other viral class III fusion proteins differ from
class I fusion proteins that have N-terminal, hydrophobic fu-
sion peptides because class III fusion proteins possess internal
bipartite “fusion loops” composed of both hydrophobic and
hydrophilic residues (3, 22). In the solved structure of the HSV
¢B ectodomain, which might represent a postfusion form of the
protein, the fusion loops are located near the base of the
molecule, adjacent to the virion envelope (22). Mutant forms
of gB with single amino acid substitutions in these fusion loops
displayed diminished cell-cell fusion activity when transfected
into cells with gD and gH/gL (20). Cell-cell fusion approxi-
mates the fusion that occurs during entry, defining the minimal
fusion machinery, although there are differences between entry
and cell-cell fusion (10). Moreover, full-length gB molecules
with fusion loop mutations failed to complement gB null HSV
(19). Recently, it was demonstrated that the HSV gB extracel-
lular domain can interact with liposomes in vitro and that this
binding depends upon gB’s fusion loops (19).

Herpesvirus capsids are assembled in the nucleus and ac-
quire an envelope by budding through the inner NM. For a
short time, enveloped virus particles are found in the space
between the inner and outer NMs (perinuclear space), but
then the envelopes of these particles fuse with the outer NM,
releasing capsids into the cytoplasm (reviewed in references 35
and 36). Cytoplasmic capsids acquire a second envelope by
budding into the trans-Golgi network, and this secondary en-
velopment involves redundant or additive functions of gE/gl
and gD, i.e., either of these glycoproteins will suffice (11). The
second step of the nuclear egress pathway involving membrane
fusion between the envelope of perinuclear particles and the
outer NM requires HSV glycoproteins gB and gH/gL (12).
HSV double mutants lacking both gB and gH accumulate
enveloped virus particles in the perinuclear space and in her-
niations, i.e., membrane vesicles that bulge into the nucleo-
plasm and derive from the inner NM (12). These observations,
coupled with the evidence that gB and gH/gL are fusion pro-
teins, suggested that gB and gH/gL promote the fusion be-
tween virus particles and the outer NM. However, there is one
important difference between nuclear egress fusion and entry
fusion. Virus mutants lacking either gB or gH are unable to
enter cells, but such mutants have fewer defects in nuclear
egress than double mutants lacking both gB and gH (12). Thus,
as with secondary envelopment that involves gD and gE/gl,
glycoproteins gB and gH/gL act in a redundant or additive
fashion to mediate the fusion between the envelope of perinu-
clear virus particles and the outer NM. It is also important to
note that there appear to be other mechanisms by which HSV
particles can exit the perinuclear space. For example, although
a substantial number of gB gH null double mutants accumu-
lated in herniations (increased by ~10-fold), some virions were
seen on cell surfaces, although their numbers were reduced by
~2.5- to 5-fold compared with those of wild-type HSV (12, 46).

HSV entry fusion is triggered by gD binding to one of its
ligands. However, it is not clear what triggers fusion of the
envelope of perinuclear particles with the outer NM. gD, gB,
gH, gM, gK, and other viral membrane proteins are all present
in NMs and in perinuclear virus particles (4, 12, 25, 40, 42, 44).
It seems unlikely that there are substantial quantities of known
gD receptors in NMs, although this has not been carefully
examined and there may well be unidentified gD receptors
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present in NMs. However, if fusion at NM:s is not activated by
gD binding to gD receptors, there must be other mechanisms
to trigger this fusion. There is evidence that HSV gK negatively
regulates fusion at the NE because (i) overexpression of gK
causes enveloped virus particles to accumulate in the perinu-
clear space (25) and (ii) gK is primarily localized to the endo-
plasmic reticulum and NM and is not substantially found in
extracellular virions (26, 34). Another potential regulatory
mechanism for fusion at the outer NM involves phosphoryla-
tion of the cytoplasmic domain of gB by the HSV kinase US3
(46). An HSV recombinant lacking gH and expressing a mu-
tant gB with a substitution, T887A, affecting an amino acid in
the gB cytoplasmic domain displayed reduced US3-dependent
phosphorylation and accumulated enveloped virus particles in
herniations (46). This mutation in gB did not alter HSV entry
into cells (31, 46). Together, these results suggest that HSV
fusion with the outer NM differs from entry fusion in some, but
likely not all, important mechanistic details.

Given that both gB and gH/gL are well established as fusion
proteins for virus entry, we hypothesized that these glycopro-
teins directly mediate the membrane fusion that occurs be-
tween the envelope of perinuclear virus particles and the outer
NM (12, 46). However, there are other possibilities. For ex-
ample, it is conceivable that loss of both gB and gH alters the
structure of the envelope of perinuclear HSV virions so that
other HSV glycoproteins (that directly promote fusion) are
affected. To address this issue and extend our understanding of
how gB functions in nuclear egress fusion, we constructed HSV
recombinants that express mutant forms of gB with substitu-
tions in the fusion loops. These viruses also lacked gH, making
nuclear egress totally dependent on a functional form of gB. By
propagating these recombinants using gH-expressing cells, we
could produce virus particles including gH and the mutant gB
molecules. These HSV recombinants expressing gH as well as
¢B fusion loops, W174R, W174Y, Y179K, and A261D, were all
unable to enter cells. However, two recombinants, expressing
W174Y and Y179K, exhibited some cell-to-cell spread while
the other two, expressing W174R and A261D, did not spread
beyond single infected cells. All four recombinants infected
into cells lacking gH exhibited defects in nuclear egress. These
results provide strong support for the hypothesis that gB acts
directly to mediate the fusion of the virion envelope with the
outer NM during HSV egress.

MATERIALS AND METHODS

Cells and viruses. HaCaT cells represent a human keratinocyte cell line (7)
and were maintained in Dulbecco’s minimal essential medium (DMEM) (In-
vitrogen) with 8% fetal bovine serum (FBS) (ISC BioExpress, Kaysville, UT). F6
cells (a gift from Tony Minson, Cambridge University) were derived from Vero
cells, express HSV type 1 (HSV-1) gH (13), and were maintained in DMEM with
8% FBS and 150 wg/ml G418 (Mediatech, Herndon, VA). F6/gB12 cells were
derived from F6 cells, express both gB and gH (12), and were maintained in
Dulbecco’s modified Eagle’s medium lacking histidine and supplemented with
8% FBS, 150 pg/ml G418, and 0.4 mM histidinol (Sigma). F-BACgH-, which
denotes a virus derived from HSV strain F that was generated by transfecting
cells with the bacterial artificial chromosome (BAC) plasmid and that cannot
express gH (12), was propagated on F6 cells (13). F-BAC-gBgalK/gH-, lacking
both gB and gH genes (46), was propagated, and the titers of the virus on
F6/gB12 cells were determined.

Construction of recombinant HSV. The gB fusion loop point mutations were
previously engineered into plasmid copies of the gB gene, and here, these gB
sequences were transferred into a BAC copy of the HSV-1 (strain F) genome
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(23). gB sequences in plasmids (20) were excised using Xhol and BglIl, DNA
fragments were gel purified using the QIAquick gel extraction kit (Qiagen, MD),
and then DNA was introduced into SW102 bacteria that contain BAC-gBgalK/
gH-, as described previously (46). BAC-gBgalK/gH- contains galK sequences
replacing gB sequences and a kanamycin resistance gene cassette replacing gH
sequences (46). Recombination between the DNA fragments containing gB
fusion loop mutations and gB sequence-flanking galK involved temperature-
sensitive lambda prophage recombination proteins coupled with selection against
galK using 2-deoxy-galactose, as described previously (43). The resulting BAC
recombinants were screened by PCR amplification of the gB sequences, includ-
ing the mutations, followed by DNA sequencing. To produce HSV from BACs,
BAC DNA was prepared using the plasmid maxikit (Qiagen, MD) and then was
transfected into F6/gB12 cells using TransFectin lipid reagent (Bio-Rad, Hercu-
les, CA). The HSV recombinants expressing fusion loop mutations (and lacking
gH) were propagated, and the titers of the recombinants on F6/gB12 cells were
determined.

Preparation of supernatant virions from F6 cells. For entry assays and to
characterize incorporation of mutant gB molecules into virions, extracellular
virus particles were obtained from F6 cells that express gH but not gB. Fo6 cells
were infected using 5 PFU/cell of each recombinant HSV (derived from F6/gB12
cells) in DMEM with 1% FBS. Cell culture supernatants were collected after
18 h of infection and centrifuged at 850 X g to remove any cells, and then virus
particles were centrifuged at 71,000 X g through a 20% dextran-10 cushion in
Beckman SW32 centrifuge tubes at 4°C. The virus pellet was resuspended in 1 ml
of phosphate-buffered saline (PBS) containing 1% FBS centrifuged at 76,000 X
g in a Beckman TLA for 30 min at 4°C. The virus pellet was resuspended in 50
to 100 wl and sonicated briefly on ice.

Western blotting. To characterize extracellular virus preparations, equal vol-
umes of partially purified viruses were separated by electrophoresis using a 6%
or 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel. Proteins were trans-
ferred to polyvinylidene difluoride membranes (Immobilon-P; Millipore), and
the membranes were blocked by incubation with 2% nonfat milk, 1% fish gelatin,
0.5% goat serum, and 0.25% polyvinyl pyrrolidone. Membranes were then
probed with antibodies in blocking buffer diluted equally in PBS containing 0.1%
Tween 20. Membranes were incubated with monoclonal antibody (MAb) DL6
specific to gD (9), ascites fluid diluted to 1:5,000, VP5-specific MAb 3B6 (Viru-
sys, Sykesville, MD) diluted 1:10,000, anti-gB rabbit polyclonal serum R68 (5)
diluted 1:7,500, or anti-gH rabbit serum R137 (18). Blots were washed with PBS
containing 0.1% Tween 20 and incubated with mouse anti-rabbit horseradish
peroxidase-conjugated antibody (Sigma) or rabbit anti-mouse horseradish per-
oxidase-conjugated secondary antibody (Sigma), and then secondary antibodies
were detected using a chemiluminescence kit (Pierce Chemicals). A Lumi-Im-
ager (Boehringer Mannheim) was used, and band densities were measured by
quantitative imaging.

Entry assays involving immunoprecipitation of HSV proteins. HaCaT cells
were infected with extracellular HSV virions prepared from F6 cells using 10
PFU/cell for F-BACgH- (the titers of the virus on F6 cells were determined) and
the same quantities of virions for other recombinants, as determined by quanti-
fying VPS5 in virus preparations by Western blotting. After 5 h, cells were washed
with PBS containing 1 mM MgCl, and 1 mM CacCl, (PBS++) and then labeled
with [**S]methionine/cysteine (PerkinElmer, Boston, MA) for 2 h. Radiolabeled
cells were lysed in 1% NP-40-0.5% deoxycholate, 50 mM Tris-HCI (pH 7.2), 100
mM NaCl containing 2 mg/ml bovine serum albumin, and 1.0 mM phenylmeth-
ylsulfonyl fluoride and frozen at —70°C, and later the extracts were clarified by
centrifugation at 100,000 X g for 60 min. HSV proteins were immunoprecipitated
using anti-HSV-1 polyclonal sera (Dako, Carpinteria, CA) or anti-gD MAb DL6
as described previously (45), and then proteins were separated by gel electro-
phoresis and imaged using a phosphorimager.

Cell-to-cell spread analyses. F6 cell monolayers were infected with approxi-
mately 100 to 200 PFU of each recombinant HSV derived from F6/gB12 cells and
then incubated with DMEM containing 1% FBS and 0.2% human gamma glob-
ulin (to restrict virus spread through the media) for 2 days. Cells were washed
with PBS++ and fixed with PBS+ + containing 2% formaldehyde for 10 min at
room temperature. The fixed cells were permeabilized with 0.5% Triton X-100,
0.5% sodium deoxycholate, and 2% goat serum in PBS for 30 min and then
incubated with polyclonal rabbit anti-HSV antibodies (Dako) for 1 h, washed,
and subsequently incubated with Alexa Fluor 495-conjugated mouse anti-rabbit
antibodies (Molecular Probes, Eugene, OR). The monolayers were viewed and
photographed using a Nikon fluorescent microscope.

Electron microscopy. HaCaT cells were infected using 10 to 20 PFU/cell of
each recombinant HSV derived from F6/gB12 cells for 18 h, and then the cells
were washed three times with PBS++ and fixed in Ito and Karnovsky’s fixative
(1.6% paraformaldehyde, 2.5% glutaraldehyde, and 0.5% picric acid in 0.1 M
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sodium cacodylate). The samples were dehydrated and viewed with an electron
microscope, as described previously (11).

RESULTS

Construction of HSV recombinants expressing gB fusion
loop mutations and lacking gH. Mutant forms of gB containing
point mutations affecting the fusion loops were previously
characterized by transfection into cells for their ability to co-
operate with gD and gH/gL to promote fusion of cells (21) and
for complementation of a gB null mutant (19, 20). We wished
to recombine certain of these mutations into HSV in order to
characterize how these proteins function in virus entry, cell-to-
cell spread, and especially, in egress of HSV from cells (fusion
at the outer NM). For studies of nuclear egress, it was neces-
sary to construct viruses expressing mutant gB molecules, but
also lacking gH, given that gB and gH can act in a redundant
fashion in this process (12). Four HSV recombinants express-
ing substitutions in either of the two gB fusion loops, W174Y,
W174R, Y179K, and A261D, were constructed using an
HSV-1 genome subcloned into a BAC, as described previously
(46). Briefly, the mutant gB genes were removed from plas-
mids (20), and these DNA sequences were electroporated into
bacteria containing BAC-gBgalK/gH- sequences. The gB gene
in BAC-gBgalK/gH- had been previously replaced by the galK
gene, and this BAC lacks gH coding sequences (46). Recom-
bination between gB sequences (containing fusion loop muta-
tions) in plasmids and gB sequences upstream and downstream
of galK in the BACs produced BACs with the galK gene re-
placed by gB sequences, including fusion loop mutations. Bac-
teria containing ga/lK BAC can be selected using 2-deoxy-ga-
lactose, which is toxic to bacteria expressing galK (43). Using
PCR, we confirmed that BACs contained mutant gB sequences
(not shown). The recombinant BACs containing gB mutations
were transfected into complementing F6/gB12 cells that ex-
press gB and gH (12), and viruses were produced and denoted
as follows: F-BAC-gB(W174Y)/gH-, F-BAC-gB(W174R)/gH-,
F-BAC-gB(Y179K)/gH-, and F-BAC-gB(A261D)/gH-. Previ-
ously, we described an HSV recombinant lacking gH se-
quences and expressing wild-type gB, denoted F-BACgH- (12),
and a recombinant lacking both gB and gH sequences, denoted
F-BAC-gBgalK/gH- (46).

During preliminary characterization of these HSV gB fusion
loop recombinants, we observed defects in virus replication in
double complementing F6/gB12 cells. For example, F-BAC-
gB(W174R)/gH- and F-BAC-gB(A261D)/gH- produced virus
titers of 1 X 107 to 3 X 107 PFU/ml using F6/gB12 cells. Using
the same F6/gB12 cells, stocks of the gB null and gH null
F-BAC-gBgalK/gH- were routinely 10- to 20-fold higher (1 X
10® to 5 X 10® PFU). F-BAC-gB(W174Y)/gH-, which ex-
presses a gB molecule that possesses some (50%) cell-cell
fusion (20), produced higher titers of virus (0.5 X 10% to 2 X
10® PFU). The complementing F6/gB12 cells produce wild-
type gB, and this is inserted into the virion envelope along with
mutant gB molecules. gB forms trimers in the virion envelope
(22). Thus, it appeared that mutant gB molecules that fail to
function in some capacity (membrane fusion) were incorpo-
rated into oligomers with wild-type gB, and these mutant gB
molecules acted in a dominant-negative fashion.
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FIG. 1. Characterization of HSV proteins present in extracellular viri-
ons. F6 cells that express gH were infected with the following HSV
recombinants for 18 h, and then virions were purified from cell culture
supernatants: F-BACgH- that expresses wild-type (w.t.) gB but no gH
(w.t.gB/gH-), F-BAC-gBgalK/gH- that expresses no gB and no gH,
F-BAC-gB(A261D)/gH-, F-BAC-gB(W174R)/gH-, F-BAC-gB(W174Y)/
gH-, or F-BAC-gB(Y179K)/gH-. The virions were subjected to Western
blotting for VP35, gD, gB, and gH. VP5 and gB were quantified as indi-
cated in Materials and Methods. Molecular weight markers are shown on
the left side of the panels.

Characterization of the proteins present in extracellular
HSYV virions. As a measure of whether mutant gB molecules
could be introduced into virus particles, we infected F6 cells
that express gH but not gB with HSV recombinants and ob-
tained cell culture supernatants. These supernatants were har-
vested well before the cells began to lyse. Extracellular virions
were partially purified by high-speed centrifugation through
dextran-10 cushions. The virions were disrupted with 2% SDS
and subjected to SDS-polyacrylamide gel electrophoresis and
characterized by Western blotting. F-BACgH- (wild-type gB
and lacking gH) was used as the comparison and showed sub-
stantial amounts of VPS5 (major capsid protein), gD, and gB.
Note that gH is present because these viruses were prepared
using F6 cells that express gH. There were lower levels of VPS5,
gD, and gH in preparations of extracellular virions from cells
infected with gB fusion loop recombinants, ranging from 40 to
80% of that observed with F-BACgH- (Fig. 1). For each of the
¢B mutants, as well as for the double mutant F-BAC-gBgalK/
gH-, there was a moderate decrease in extracellular virus par-
ticles compared with extracellular virus produced by
F-BACgH-. The extracellular virions produced by all four fu-
sion loop mutants contained gB, although we noted small re-
ductions in the amounts of these mutant gB molecules com-
pared with the amounts of VP5 and gD present in the same
virus particles (Fig. 1). We concluded that mutant gB mole-
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cules were present in extracellular virions. For subsequent
studies involving entry of these particles, we used VPS5 levels to
equalize the amounts of input virus added to cells.

Entry of virus particles expressing gB fusion loop mutations
and wild-type gH. Previous transfection experiments involving
¢B fusion loop mutants entering into cells in conjunction with
gD and gH/gL produced various levels of cell-cell fusion, as
follows: gB(W174R) and gB(A2161D) exhibited ~9% cell-cell
fusion activity, gB(W174Y) exhibited ~50% fusion, and
gB(Y179K) showed no cell-cell fusion (20). To measure the
entry of recombinant HSV expressing these mutant gB mole-
cules, we prepared virions derived from F6 cells in order to
supply gH, as described above. The titers of F-BACgH- virions
were determined using plaque assays with F6 cells, and then
these F-BACgH- virions were applied to HaCaT cells using 10
PFU/cell. HaCaT cells are a human keratinocyte cell line that
might be considered to represent HSV infection in vivo well.
HSYV replicates well in these cells, producing higher titers and
larger plaques than those produced by monkey Vero cells (45).
Similar quantities of the other HSV recombinants, F-
BAC-gB(W174R)/gH-, F-BAC-gB(W174Y)/gH-, F-BAC-
gB(Y179K)/gH-, and F-BAC-gB(A261D)/gH-, were applied to
HaCaT cells by basing the quantity of input viruses on the
quantities of VP5 measured by using Western blotting and
quantitative imaging of VP5 bands. This estimate of the quan-
tities of virus particles containing capsids should accurately
measure particles that can initiate infection, as we would not
anticipate defects in tegument proteins, and as described
above, glycoproteins gB and gD are present at normal levels.
Cells were infected for 5 h and then radiolabeled for 2 h with
[*°S]methionine/cysteine. Detergent extracts of the cells were
then immunoprecipitated using anti-HSV polyclonal antibod-
ies or a MAb specific to the early protein gD. Viral proteins
such as gD, VP1, and VP5 were observed in HaCaT cells
infected with F-BACgH- (Fig. 2). However, few or no viral
proteins were detected in cells infected with any of the recom-
binants expressing gB fusion loop mutations. This was consis-
tent with the conclusion that all four of these mutant forms of
¢B were largely unable to mediate entry into cells.

Cell-to-cell spread mediated by gB fusion loop mutants. It
was also of interest to determine whether any of the gB fusion
loop mutants could function to promote spread of HSV from
cell to cell. The mutant viruses were grown on F6/gB12 cells
that supply both wild-type gB and gH, and the titers of the
viruses derived from these cells on F6/gB12 cells were deter-
mined. Since wild-type gB was supplied, these virus particles
could enter F6 cells that express gH and not gB. However,
virus spread among F6 cells was mediated not by wild-type gB,
but by mutant gB molecules. Monolayers of F6 cells were
infected with 100 to 200 PFU of each of the HSV recombinants
for 2 h, and then cells were incubated for 2 days with anti-HSV
neutralizing antibodies (to contain spread through media). The
monolayers were fixed, permeabilized, and then stained with
polyclonal anti-HSV antibodies to detect HSV-infected cells.
As expected, F-BACgH-, which expresses wild-type gB, spread
to form plaques involving over 100 cells (Fig. 3). The gB null
mutant F-BAC-gBgalK/gH- (derived from F6/gB12 cells) en-
tered cells but did not spread beyond a single infected cell.
Again, this was expected, as gB is known to be essential for
virus spread. Recombinants F-BAC-gB(A261D)/gH- and
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FIG. 2. Entry of HSV recombinants expressing gB fusion loop mu-
tations. Preparations of virions derived from F6 cells (that express gH)
were harvested from culture supernatants, and VPS5 levels were quan-
tified by using Western blot experiments (see Fig. 1). F-BACgH-,
which expresses wild-type gB and no gH, was also derived from F6
cells, and the titers of the virus on F6 cells were determined. HaCaT
cells were infected with a dose of F-BACgH- corresponding to 10
PFU/cell. Other HaCaT cells were infected with HSV recombinants
expressing gB fusion loops using equal quantities of particles com-
pared with that of F-BACgH- (particles quantified by VP5 Western
blotting). After 5 h of infection, the HaCaT cells were labeled for 2 h
with [**S]methionine/cysteine, and then detergent extracts of the cells
were subjected to immunoprecipitation using anti-HSV polyclonal an-
tibodies (left) or anti-gD MAb DL6 (right).

F-BAC-gB(W174R)/gH- also did not spread beyond a single
infected cell (Fig. 3), consistent with the conclusion that these
mutant forms of gB did not function in spread. F-BAC-
gB(Y179K)/gH- also produced some single infected cells, but
the majority of plaques involved 3 to 15 infected cells. This
observation was surprising given that gB(Y179K) has the most-
profound effects in cell-cell fusion assays, exhibiting no fusion
(0%), while others such as mutant gB(A261D) and gB(W174R)
displayed modest fusion (9%) (20). Recombinant F-BAC-
gB(W174Y)/gH- could also spread cell to cell, forming some
plaques that were similar in size to those produced by F-
BACgH-, although other plaques were moderately smaller
(Fig. 3). gB(W174Y) retained ~50% of the cell-cell fusion
observed with wild-type gB. Thus, we concluded that lower
levels of membrane fusion activity associated with mutant
W174Y can largely suffice for the cell-to-cell spread of virus.
F-BAC-gB(Y179K)/gH-, which expresses a mutant gB that me-
diated no cell-cell fusion (20) and that did not enter cells (Fig.
3), exhibited some cell-to-cell spread, suggesting that there was
a low level of membrane fusion activity associated with
gB(Y179K).

Role of gB fusion loops in nuclear egress. We previously
concluded that either gB or gH (likely complexed with gL) can
function in the second stage of nuclear egress (12). This con-
clusion was based primarily on the phenotypes of null mutants
lacking both gB and gH. It is conceivable that gB and gH
function in nuclear egress, not by promoting membrane fusion
but in some other capacity. To test this further, we character-
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FIG. 3. Cell-to-cell spread of HSV recombinants expressing gB fu-
sion loop mutations. Preparations of virus particles were derived from
F6/gB12 cells that express both gB and gH, and then the titers of these
viruses on F6/gB12 cells were determined. Approximately 100 to 200
PFU each of F-BACgH- (wild-type [w.t.] gB), F-BAC-gBgalK/gH-
(no gB), F-BAC-gB(W174Y)/gH-, F-BAC-gB(W174R)/gH-, F-BAC-
gB(Y179K)/gH-, and F-BAC-gB(A261D)/gH- were incubated with F6
cells for 2 h, and then the cells were washed and incubated with human
gamma globulin (a source of anti-HSV antibodies) for 2 days. The cells
were fixed, permeabilized, and stained with rabbit anti-HSV polyclonal
antibodies and then with a fluorescent anti-rabbit immunoglobulin G
antibody, and images of plaques were obtained using a fluorescent
microscope. AgH, gH-.

ized HSV recombinants expressing gB fusion loop mutations
and lacking gB in terms of accumulation of enveloped particles
in herniations and in the perinuclear space. F-BACgH- (with
wild-type gB) largely produced enveloped particles on the sur-
faces of HaCaT cells (Fig. 4A), as described previously (12). In
contrast, F-BAC-gBgalK/gH- (lacking both gB and gH) accu-
mulated enveloped particles in herniations and in the perinu-
clear space and fewer cell surface virions (Fig. 4A). As seen
previously (12), relatively few enveloped virions were present
in the cytoplasm, and we observed no differences in the num-
bers of unenveloped capsids in the nucleoplasm with those of
any of the mutants (not shown). In order to quantify defects in
assembly, we counted enveloped particles present in perinu-
clear spaces and herniations, as well as those on cell surfaces,
and then calculated a ratio of these two populations of parti-
cles (perinuclear enveloped particles/cell surface enveloped
particles) (Table 1). The nuclear/cell surface particle ratio for
F-BACgH- (with wild-type gB) was 0.06, i.e., only about 5.6%
of the total number of enveloped particles counted were
present in herniations or as perinuclear enveloped particles
(Fig. 4A; Table 1). In contrast, for F-BAC-gBgalK/gH- (no gB)
this ratio was 1.9, i.e., about 65% of all enveloped particles
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gB(W174Y)AgH gB(W174Y)/Ag
FIG. 4. Analyses of defects in nuclear egress associated with gB fusion loop mutants. (A) HSV recombinants F-BACgH- (wild-type [w.t.] gB),
F-BAC-gBgalK/gH- (no gB), F-BAC-gB(W174R)/gH-, and F-BAC-gB(W174Y)/gH- were derived from F6/gB12 cells (which express gB and gH) and

used to infect HaCaT cells for 18 to 20 h, and then the cells were fixed, stained, and viewed by electron microscopy. (B) HaCaT cells were infected with
F-BAC-gB(A261D)/gH- or F-BAC-gB(Y179K)/gH- as described in the legend to panel A and viewed by electron microscopy. AgH, gH-.
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counted were present in the perinuclear space or in hernia-
tions. Thus, the difference between wild-type gB and a gB null
mutant was 31-fold by this measure.

Recombinants F-BAC-gB(W174R)/gH- and F-BAC-gB
(A261D)/gH-, both of which failed to enter cells and spread
between cells, accumulated herniations and enveloped virions
within NMs (Fig. 4A and B), and exhibited a ratio of nuclear/cell
surface virions of 1.7 (62% of all enveloped particles were perinu-
clear) (Table 1). Similarly, F-BAC-gB(Y179K)/gH-, which failed
to enter cells and spread poorly, formed herniations and accumu-
lated virions in the perinuclear space (Fig. 4B), and the ratio was
2.1 (67% of all enveloped particles were perinuclear) (Fig. 4B;
Table 1). We consider these three mutants, W174R, A261D, and
Y179K (ratios of 1.7 to 2.1), not to be different from the gB and
gH null mutant (1.9) in nuclear egress. Recombinant F-BAC-
gB(W174Y)/gH- exhibited an intermediate phenotype, i.e., some
cells showed herniations, but there were also numerous cell sur-
face virions (Fig. 4A), and the ratio of nuclear/cell surface virions
was 0.5 (33% of all enveloped particles were perinuclear) (Table

FIG. 4—Continued.
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1). This mutant could also spread well with cell-to-cell spread
(Fig. 3) and exhibited 50% cell-cell fusion (20). It should be noted
that individual HSV-infected cells differ substantially in the num-
bers of capsids and enveloped virions per cell. Thus, the applica-
tion of statistics, comparing one cell to another, produces large
standard deviations, and it is not useful to compare one cell to
another. Instead, we routinely count particles in 10 to 20 repre-
sentative cells and add thousands of particles together, producing
an accurate picture of the defects in HSV egress (11, 12). There-
fore, the phenotypes of gB fusion loop mutants in nuclear egress
mirrored the defects in cell-cell fusion, entry, and spread. These
data support the hypothesis that gB functions in nuclear egress by
mediating membrane fusion involving the enveloped virion and
the outer NM.

DISCUSSION

The two fusion loops present near the base of the solved
structure of the HSV gB ectodomain were hypothesized to
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TABLE 1. Nuclear egress of HSV recombinants expressing gB
fusion loops and lacking the gH gene

J. VIROL.

TABLE 2. Summary of gB fusion loop mutants in fusion,
complementation, cell-to-cell spread, and nuclear egress

No. of:
Virus® Enveloped Cell Ratio?
perinuclear surface
virions” virions®
F-BACgH- (expressing wild-type gB) 125 2,087 0.06
F-BAC-gB(W174Y)/gH- 891 1,767 0.50
F-BAC-gB(W174R)/gH- 1,251 736 1.7
F-BAC-gB(A261D)/gH- 2,006 1,180 1.7
F-BAC-gB(Y179K)/gH- 1,892 901 2.1
F-BAC-gBgalK/gH- (expressing no gB) 1,182 622 1.9

“ HaCaT cells were infected with HSV recombinants and then viewed by an
electron microscope, and enveloped virus particles were counted.

® Enveloped virus particles present in herniations or found between the inner
and outer NEs.

¢ Enveloped virus particles present on the surface of cells.

4 The number of enveloped perinuclear virions/number of cell surface virions.

represent sequences that interact with cellular membranes,
participating in a bridge that gB forms between viral and cel-
lular membranes and promoting fusion (22). Consistent with
this hypothesis, mutations in these fusion loops in the context
of full-length gB substantially reduced cell-cell fusion, comple-
mentation of a gB null mutant, and the interactions between
¢B and liposomes (19, 20). Here, we recombined four of these
¢B fusion loop mutations into HSV with the major intention of
testing whether gB fusion loop activity is required for nuclear
egress. However, having HSV recombinants expressing these
mutant gB molecules, we also tested virus entry into cells and
cell-to-cell spread. Viruses with any of the four mutations,
W174Y, W174R, Y179K, and A261D, showed little or no entry
of HSV into cells, as indicated by highly diminished expression
of newly synthesized viral proteins in cells (summarized in
Table 2). It is formally possible that these mutations might
have affected some postentry stage of HSV replication, al-
though this is unlikely given that gB is essential for entry and
not known to play a role in postentry steps that lead to early
viral protein synthesis. Of special interest was the mutation
W174Y, which retained almost 50% of its ability to cause
cell-cell fusion when transfected into cells, yet F-BAC-
gB(W174Y)/gH- did not obviously mediate entry into cells.
The inability of F-BAC-gB(W174Y)/gH- to enter cells was
consistent with very low (5%) complementation of a gB null
mutant by the gB(W174Y) molecule (19). Even though F-BAC-
gB(W174Y)/gH- did not enter cells well, this virus could
spread well from cell to cell, forming some plaques that were
similar in size to those of wild-type HSV, although other
plaques were smaller. Therefore, the reduced fusion activity of
gB(W174Y) was insufficient for entry and complementation
but was sufficient for cell-to-cell spread and cell-cell fusion.
Two other mutants, gB(W174R) and gB(A261D), which re-
tained about 9% of their activity in cell-cell fusion assays and
had no complementation activity (19), were unable to mediate
entry and did not mediate cell-to-cell spread (see Table 2). A
comparison of these three mutant gB molecules suggests that
¢B must attain a threshold level of fusion activity that is sub-
stantially higher for entry of extracellular virions than that
required for cell-cell fusion and cell-to-cell spread. Cell-to-cell
spread can occur at relatively normal rates with less fusion
activity, e.g., with gB(W174Y), which exhibited 50% cell-cell

Expression % Cell- %

of fusion cell C © ., Entry’ Spread’ Herniations®
loop mutant  fusion” omplementation

P
Wild-type gB 100 100 + Normal -
gB(Wi74Y) 46 5 —  Near +/—
normal

gB(W174R) 9 0 —  None +
gB(A261D) 9 0 - None +
gB(Y179K) 0 0 —  Reduced +
No gB 0 0 - None +

“The CHO cell-cell fusion assay was used, involving transfection of plasmids
encoding mutant gB, wild-type gD, and gH/gL (20).

® Vero cells were transfected with plasmids encoding mutant gB and then
infected with an HSV gB-null mutant, and complementation was measured (19).

¢ HaCaT cells were infected with HSV recombinants expressing gB mutants
(produced using gH-complementing F6 Vero cells), and expression of newly-
synthesized HSV proteins was measured (Fig. 2).

@ Cell-to-cell spread involving F6 (gH-expressing) Vero cells (Fig. 3).

¢ Nuclear egress in HaCaT cells infected with HSV recombinants expressing
mutant gB and no gH was measured by counting the numbers of enveloped virus
particles in herniations and perinuclear virions rather than the number of virions
on cell surfaces (Table 1).

fusion activity yet did not promote entry and did not comple-
ment a gB null mutant. Cell-to-cell spread involves virus par-
ticles secreted onto cell surfaces at sites of cell-cell contact, and
virus is transferred across these cell-cell junctions to enter
adjacent cells (24, 29). Virions moving across cell junctions
apparently have major advantages in entering other cells, as
they are presented directly to the adjacent cells in a relatively
concentrated form and can rapidly move into the neighboring
cell. In contrast, extracellular virions in solution are less con-
centrated and must seek out host cells, and this appears to be
less efficient. Thus, lower levels of gB fusion activity may suffice
for cell-to-cell spread.

Results with F-BAC-gB(Y179K) were also consistent with
the hypothesis that low levels of gB fusion activity are suf-
ficient for cell-to-cell spread but not for entry. The
¢B(Y179K) molecule exhibited no detectable cell-cell fusion
activity and did not complement a gB null HSV (19, 20), and
F-BAC-gB(Y179K)/gH- displayed no capacity to enter cells
(Table 2). Surprisingly, F-BAC-gB(Y179K)/gH- spread be-
tween cells, moving to 3 to 15 other cells in most plaques.
Based on this observed cell-to-cell spread, we suspect that
¢B(Y179K) has some fusion activity, not detected in other
assays. Again in this case, HSV particles shed onto the surfaces
of infected cells must be able to enter into closely adjacent
cells, inefficiently but nonetheless to some extent, by a pathway
that requires only very low levels of gB fusion activity. Again,
this highlights substantial differences between entry of extra-
cellular virions and spread of virions across cell junctions.

One might argue that our entry assay failed to detect small
amounts of virus entering cells that promoted only low levels of
HSV protein expression. However, it was clear that all four
mutants, including F-BAC-gB(W174Y)/gH-, did not differ sub-
stantially from the gB null mutant in terms of de novo viral
protein synthesis, yet HSV expressing wild-type gB produced
copious amounts of viral proteins. Moreover, none of these
mutants showed any significant entry, and none complemented
a gB null mutant, except gB(W174Y), which produced only 5%
complementation (Table 2). Another issue that must be con-
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sidered in comparing these various assays of gB fusion activity
involves the use of different cell types. Previous studies describ-
ing cell-cell fusion with gB fusion loop mutants involved Chi-
nese hamster ovary (CHO) cells (20), while complementation
of gB null HSV involved Vero cells (19). Our cell-to-cell
spread assays necessitated expression of gH, and thus, F6 cells
(derived from Vero cells) were used. Entry assays and nuclear
egress assays (see below) involved HaCaT keratinocytes, cells
that mimic HSV infection in vivo in a number of ways. HSV
cell-to-cell spread in HaCaT cell monolayers is very rapid, and
large plaques are produced (45). Moreover, large numbers of
infectious particles are produced in these cells following infec-
tion with wild-type HSV, and numerous herniations are pro-
duced following infection with gB and gH null HSV (12).
HacCaT cells express very high levels of nectin-1 (10- to 20-fold
higher than those in Vero cells) (45). Importantly, none of the
gB fusion loop mutants entered HaCaT cells, a process we
might expect to be efficient at the level of receptor binding.
Thus, the differences we observed with F-BAC-gB(W174Y)/
gH- and F-BAC-gB(Y179K)/gH-, which could not enter
HacCaT cells and yet could spread between F6 Vero cells, cannot
be explained by lower levels of gD receptors. Other differences
between these cells, e.g., lipid compositions or other proper-
ties, might explain certain differences. More likely to us is the
hypothesis described above, suggesting that entry of extracel-
lular virions added to cells in solution is much less efficient
than transfer of virus particles across cell junctions.

We also observed a relatively strong dominant-negative ef-
fect of mutant gB molecules. Virus stocks of mutants F-BAC-
gB(W174R)/gH- and F-BAC-gB(A261D)/gH- produced on
complementing F6/gB12 cells (that express wild-type gB and
gH) exhibited 10- to 20-fold-lower titers than those of F-BAC-
gBgalK/gH-, which expresses no gB. Since gB forms dimers or
trimers, it appears that mutant forms of gB (unable to cause
fusion) can also poison oligomers so that the wild-type mole-
cules are also less effective in mediating entry into cells. The
complementing cells likely express lower levels of wild-type gB
than mutant gB molecules produced from the HSV genome, so
that many wild-type molecules are complexed with mutant
molecules.

Our principal objective was to assess whether gB fusion loop
mutations affected nuclear egress. This addressed the question
of whether gB acts directly in the fusion between the viral
envelope and the outer NM. It was conceivable that gB and
gH/gl might act indirectly in nuclear egress, e.g., loss of gB and
gH might alter the envelope of perinuclear virions so that
fusion cannot occur. HSV recombinants expressing gB mutants
W174R, Y179K, and A261D (and no gH) displayed hernia-
tions and perinuclear virions similar to those produced by the
gB and gH null mutant F-BAC-gBgalK/gH-. Moreover, the
ratios of nuclear/cell surface virions were similar to those of
the gB and gH null mutant (Table 1). Many fewer herniations
were observed with F-BACgH-, which expresses wild-type gB,
consistent with previous studies that loss of gH has little effect
on nuclear egress (12). F-BAC-gB(W174Y)/gH- produced an
intermediate phenotype (Table 1), in that some cells displayed
herniations and other cells did not exhibit herniations and had
large numbers of cell surface virions. Thus, the nuclear egress
of F-BAC-gB(W174Y)/gH- was consistent with observations of
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intermediate cell-cell fusion activity (50%) and relatively nor-
mal cell-to cell spread (Table 2).

We concluded that the membrane fusion activity of gB is
necessary for HSV egress across the NE (in the absence of
gH). This is important support for the hypothesis that the two
HSYV fusion proteins, gB and gH/gL, mediate the second stage
of nuclear egress by promoting fusion between the virion en-
velope and the outer NM. In this respect, the membrane fusion
that occurs at the NE has some fundamental similarities to the
membrane fusion that occurs during entry. gB and gH/gL
might be triggered by gD interactions with known gD receptors
or other, as yet unidentified gD receptors. However, HSV gD
null mutants do not display defects in nuclear egress (11, 33).
Thus, it is very possible that the regulation of gB-mediated
fusion at the NE is different from that at the plasma mem-
brane. For example, we proposed that phosphorylation of gB
cytoplasmic residue T887 by the HSV kinase US3 might acti-
vate gB for fusion (46). US3 is likely to be brought into close
proximity with the gB cytoplasmic domain during primary en-
velopment. Alternatively, gB might be released from the effects
of gK, a membrane protein that negatively regulates fusion, is
localized to nuclear membranes, and is not found in extracel-
lular virions (25, 26, 34). There may also be other, as yet
uncharacterized mechanisms to regulate gB and gH/gL in fu-
sion at the outer NM.
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