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Glycoproteins gB and gH Are Required for Syncytium Formation but
Not for Herpesvirus-Induced Nuclear Envelope Breakdown

Katharina S. Schulz,a Barbara G. Klupp,a Harald Granzow,b Thomas C. Mettenleitera

Institutes of Molecular Biologya and Infectology,b Friedrich-Loeffler-Institut, Greifswald-Insel Riems, Germany

Herpesvirus nucleocapsids are assembled in the nucleus, whereas maturation into infectious virions takes place in the cytosol. Since,
due to their size, nucleocapsids cannot pass the nuclear pores, they traverse the nuclear envelope by vesicle-mediated transport. Nu-
cleocapsids bud at the inner nuclear membrane into the perinuclear space, forming primary enveloped particles and are released into
the cytosol after fusion of the primary envelope with the outer nuclear membrane. The nuclear egress complex (NEC), consisting of the
conserved herpesvirus proteins (p)UL31 and pUL34, is required for this process, whereas the viral glycoproteins gB and gH, which are
essential for fusion during penetration, are not. We recently described herpesvirus-induced nuclear envelope breakdown (NEBD) as an
alternative egress pathway used in the absence of the NEC. However, the molecular details of this pathway are still unknown. It has
been speculated that glycoproteins involved in fusion during entry might play a role in NEBD. By deleting genes encoding glycopro-
teins gB and gH from the genome of NEBD-inducing pseudorabies viruses, we demonstrate that these glycoproteins are not required
for NEBD but are still necessary for syncytium formation, again emphasizing fundamental differences in herpesvirus-induced altera-
tions at the nuclear envelopes and plasma membranes of infected cells.

Herpesvirus maturation takes place in the nucleus and in the
cytoplasm of infected cells. After capsid assembly and DNA

encapsidation in the nucleus, the newly formed nucleocapsids
leave the nucleus by budding at the inner nuclear membrane and
fission, resulting in a primary enveloped particle located in the
perinuclear cleft. Subsequent fusion with the outer nuclear mem-
brane releases the nucleocapsid into the cytosol, where final tegu-
mentation and envelopment take place (reviewed in references
1–4).

The nuclear egress complex (NEC) consisting of conserved
herpesvirus proteins homologous to pUL31 and pUL34 of herpes
simplex virus 1 (HSV-1) is necessary for efficient nuclear egress.
The type II tail-anchored membrane protein pUL34 localizes to
the nuclear envelope and interacts with the soluble nucleoplasmic
pUL31, thereby linking it to the inner nuclear membrane (5, 6).
The NEC recruits cellular (protein kinase C) and viral kinases
(pUS3 and pUL13), which phosphorylate lamins, resulting in lo-
cal dissolution of the nuclear lamina (7–10).

In the absence of either pUL31 or pUL34, viral replication is se-
verely impaired but not totally abolished (5, 6, 11, 12). To uncover
potential other pathways for leaving the nucleus, the residual infec-
tivity of pseudorabies viruses (PrV) lacking pUL34 or pUL31 was
used for serial passaging in cell culture. After repeated passaging in-
fectious virus progeny designated as PrV-�UL34Pass and PrV-
�UL31Pass could be isolated which efficiently replicated in the ab-
sence of either component of the NEC. In contrast to wild-type PrV,
the passaged mutants leave the nucleus via a fragmented nuclear en-
velope designated as nuclear escape, thereby circumventing the need
for NEC mediated vesicular transport (13, 14).

Whereas formation and fission of the primary envelope is me-
diated by the NEC, its fusion with the outer nuclear membrane
remains enigmatic. It has been suggested that the herpesviral gly-
coproteins gB and gH, which are necessary for fusion during entry
and for direct viral cell-to-cell spread, are also required for NEC-
mediated nuclear egress (15). The trimeric gB is thought to be the
core herpesviral fusion protein, since it exhibits strong structural
homology to other class III viral fusion proteins, such as vesicular

stomatitis virus glycoprotein G (16). The role of the heterodimeric
gH/gL complex in fusion is unclear. It has been speculated that it
induces hemifusion, while the action of gB leads to expansion of
the fusion pore, ultimately resulting in full fusion (17). However,
these data were subsequently challenged (18). Unlike gB, gH does
not exhibit any signatures typical for or homology to any other
viral fusion protein, and recent data point to a regulatory role for
the gH/gL complex (19), suggesting that gH/gL activates gB after
receptor binding (20).

Although the relevance of gB and gH/gL for viral entry and direct
cell-to-cell spread is undoubted, data on their significance during
nuclear egress differ. In HSV-1 the simultaneous deletion of gB and
gH resulted in the accumulation of primary enveloped virions in the
perinuclear space with �5-fold reduced titers in the supernatant,
whereas single deletion of either gB or gH showed little defect, indi-
cating that the presence of either gB or gH is beneficial for nuclear
egress (15). This contrasts with the situation in entry and direct cell-
to-cell spread, for which either protein is essential. In addition, phos-
phorylation of gB by the alphaherpesvirus specific kinase pUS3 (21)
could explain the accumulation of primary enveloped virions in the
perinuclear space in the absence of pUS3 (22–24). In contrast, for PrV
neither deletion of gB, gD, gH, or gL nor combined deletions of gB
and gD, gB and gH, gD and gH, or gD, gH, and gL had any effect on
nuclear egress. Moreover, ultrastructural immunolabeling studies
did not detect viral glycoproteins in the inner nuclear membrane or in
the primary virion envelope (25), making it highly unlikely that they
are involved in nuclear egress in PrV. Thus, it has been suggested that
cellular proteins of a hitherto cryptic vesicular nucleocytoplasmic
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transport pathway that is hijacked by the virus mediate nuclear egress.
This assumption has been supported recently by the observation of
nucleocytoplasmic transport of large cellular RNP complexes follow-
ing a pathway resembling herpesvirus nuclear egress (26).

During characterization of pseudorabies virus mutants PrV-
�UL31Pass and PrV-�UL34Pass, which are infectious in the ab-
sence of the NEC, we observed that infected cells form large syn-
cytia, indicating that fusion is no longer strictly controlled in these
mutant viruses, in contrast to wild-type PrV-infected cells. Thus,
we speculated that nuclear envelope fragmentation might be the
result of this excessive fusion activity. Here, we show by deleting
either the gH or the gB gene from the genomes of PrV-�UL34Pass
and PrV-�UL31Pass that nuclear envelope breakdown is not de-
pendent on gH or gB, nor is virion formation in the cytosol. In
contrast, syncytium formation by these mutant viruses still is,
demonstrating that neither nuclear egress nor nuclear escape is
dependent on the known viral fusion machinery.

MATERIALS AND METHODS
Cells and viruses. The generation of RK13-gH/gL (25) and RK13-gB cells
(27) has been described. Deletion mutants lacking gB or gH were derived
from PrV-�UL31Pass (13) and PrV-�UL34Pass (14). gH-negative mu-
tants were isolated after cotransfection of PrV-�UL31Pass or PrV-
�UL34Pass genomic DNA and plasmid TN77-�gHgfp into RK13-gH/gL
cells. In the recombination plasmid, a 607-bp SmaI fragment within the
gH open reading frame was deleted and substituted by a green fluorescent
protein (GFP) expression cassette under the control of the human cyto-
megalovirus (HCMV) immediate-early promoter/enhancer complex. For
the deletion of gB, genomic DNA was cotransfected with plasmid P021,
which also carries the GFP expression cassette (27) into RK13-gB cells.
Transfection progeny was screened for autofluorescent plaques, which
were picked and purified until only fluorescent plaques were visible. PrV-
�gH and PrV-�gB derived from PrV strain Kaplan (PrV-Ka) (28) have
been described (25, 27).

Western blotting. For immunoblotting, RK13 cells were either infected
with PrV-Ka, PrV-�gB, PrV-�gH, PrV-�UL31Pass, PrV-�UL31Pass/�gH,
PrV-�UL34Pass, PrV-�UL34Pass/�gB, or PrV-�UL34Pass/�gH at a multi-
plicity of infection (MOI) of 2 or infected with PrV-�UL31Pass/�gB at an
MOI of 0.2 or left uninfected. After 18 h, the cells were scraped into the
supernatant, pelleted by centrifugation, washed twice with phosphate-buff-
ered saline, and lysed in sodium dodecyl sulfate (SDS) sample buffer. The cell
lysates were separated on SDS 10 or 12% polyacrylamide gels and blotted onto
nitrocellulose. Membranes were blocked with skim milk and subsequently
incubated with monospecific rabbit sera against pUL31 (5), pUL34 (11),
pUL38 (unpublished), gI (29), gB (30), or gH (31). Bound antibody was
detected after incubation with peroxidase-conjugated goat anti-rabbit sec-
ondary antibodies (Dianova, Hamburg, Germany) or, after incubation with
monoclonal antibodies against gE (29), with peroxidase-conjugated goat an-
ti-mouse antibodies (Dianova). After incubation with SuperSignal West Pico
chemiluminescent substrate (Thermo Scientific), the blots were analyzed us-
ing an imager (VersaDoc; Bio-Rad).

Replication kinetics. To establish kinetics of replication, RK13,
RK13-gB (27), or RK13-gH/gL cells (25) were infected at an MOI of 0.1
and harvested at different times after a low-pH treatment (32). Cells were
scraped into the supernatant and lysed by freezing at �70°C and thawing.
Cellular debris was removed after centrifugation, and titers were deter-
mined on RK13, RK13-gB, or RK13-gH/gL cells. The mean values from
three independent assays were calculated and plotted. The corresponding
standard deviations are given.

Plaque assay. RK13 cells in 6-well tissue culture dishes were infected
under plaque assay conditions with 2 � 104 PFU in 1 ml with PrV-
�UL31Pass/�gB, PrV-�UL31Pass/�gH, PrV-�UL34Pass/�gB, or PrV-
�UL34Pass/�gH. The complementing cell lines RK13-gB and RK13-
gH/gL were infected with 200 PFU/ml. For PrV-Ka, PrV-�UL31Pass, and

PrV-�UL34Pass, 200 PFU/ml were used on RK13 cells, as well as on RK13
cells expressing gB and gH/gL. After 48 h of incubation, the cells were fixed
with ethanol and stained with an antibody against the major capsid pro-
tein pUL19 (11). Antibody was detected after incubation with Alexa Fluor
488-conjugated goat anti-rabbit IgG antibody (Invitrogen) and photo-
graphed using a Nikon eclipse Ti fluorescence microscope.

Electron microscopy. RK13 cells were infected with PrV-�UL31Pass/
�gH, PrV-�UL34Pass/�gB, or PrV-�UL34Pass/�gH at an MOI of 1 or
with PrV-�UL31Pass/�gB at an MOI of 0.1. After 1 h, the inoculum was
replaced by fresh medium. At the appropriate time after infection (16 h
for PrV-�UL31Pass/�gH, PrV-�UL34Pass/�gB, or PrV-�UL34Pass/
�gH and 22 h for PrV-�UL31Pass/�gB), the cells were fixed and pro-
cessed for electron microscopy as described previously (11). For quanti-
tation of nuclear envelope breakdown (NEBD), ca. 70 nuclei per virus
infection were counted and differentiated into intact and ruptured nuclei.

RESULTS
Generation and characterization of gB and gH deleted PrV-
�UL31Pass and PrV-�UL34Pass. PrV-�UL31Pass and PrV-
�UL34Pass were isolated after several passages of either PrV-�UL31
or PrV-�UL34 in rabbit kidney (RK13) cells (13, 14). Both passaged
mutants replicate to similar titers as PrV-Ka in RK13 cells, although
they lack the NEC components pUL31 or pUL34. Nucleocapsids of
the mutant viruses are released through a fragmented nuclear enve-
lope, alleviating the need for NEC-mediated vesicular translocation.
Since both passaged mutants, in contrast to the parental viruses,
showed a highly syncytial phenotype in cell culture, it was speculated
that enhanced fusogenicity might be the reason for the deregulation
of nuclear envelope stability. To test this, gH or gB deletion mutants
of PrV-�UL31Pass and PrV-�UL34Pass were isolated. To this end,
genomic DNA of the passaged mutants was cotransfected with re-
combination plasmids expressing GFP instead of either gH- or gB-

FIG 1 Western blot analysis. RK13 cells were infected at an MOI of 2 with
PrV-Ka (lane 2), PrV-�gB (lane 3), PrV-�gH (lane 4), PrV-�UL31Pass (lane
5), PrV-�UL31Pass/�gH (lane 7), PrV-�UL34Pass (8), PrV-�UL34Pass/�gB
(lane 9), and PrV-�UL34Pass/�gH (lane 10) or at an MOI of 0.2 with PrV-
�UL31Pass/�gB (lane 6) and then harvested at 18 h postinfection. Uninfected
cells (lane 1) were used as a control. Cell lysates were separated on SDS-poly-
acrylamide gels (10 or 12%), blotted, and incubated with antisera as indicated
on the right. Molecular masses (in kDa) of marker proteins are indicated on
the left.
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coding sequences. gB deletion viruses were isolated on RK13-gB and
gH-negative mutants on RK13-gH/gL cells. RK13-gH/gL cells were
used since they expressed gH more stably than single gH expressing
cells (data not shown). Autofluorescent plaques were purified to ho-
mogeneity and further analyzed. Viral DNA was isolated and tested
for correct deletion of gB or gH coding sequences and insertion of the
GFP expression cassette by restriction enzyme digestion and South-
ern blotting (data not shown).

To examine protein expression of the generated deletion mu-
tants, RK13 cells were infected with phenotypically comple-
mented gB and gH deletion mutants and with the corresponding
parental viruses and harvested after �18 h. Western blots were
incubated with polyclonal sera directed against pUL31, pUL34,
pUL38, gI, gB, or gH or with a monoclonal antibody specific for
gE. As shown in Fig. 1, PrV-�UL31Pass and mutants derived from
it lacked pUL31 as expected (Fig. 1, lanes 5 to 7). Similarly, PrV-
�UL34Pass and corresponding mutants were negative for
pUL34 (Fig. 1, lanes 8 to 10). gB could not be detected in lysates of
cells infected with PrV-�gB, PrV-�UL31Pass/�gB, or PrV-
�UL34Pass/�gB (Fig. 1, lanes 3, 6, and 9), whereas gH was not
expressed in PrV-�gH-, PrV-�UL31Pass/�gH-, and PrV-
�UL34Pass/�gH-infected cells (Fig. 1, lanes 4, 7, and 10). Mono-
specific serum against the capsid triplex protein pUL38 served as a
loading control, and anti-gI antibodies were used to differentiate

the passaged viruses and mutants derived thereof, which comprise
a mutation in gI, leading to a smaller expression product in PrV-
�UL34Pass and the absence of gI in PrV-�UL31Pass due to a
deletion in the unique short region eliminating the gene for its
interaction partner gE (Fig. 1, lanes 5 to 7) (13). Viral protein
expression was generally lower in cells infected with PrV-
�UL31Pass/�gB, since the replication of this virus was not fully
rescued on the complementing cells resulting in �10-fold-lower
titers of virus progeny than with the other mutants. Therefore,
only an MOI of 0.2 could be achieved.

Growth properties of gB- and gH-negative PrV-�UL31Pass
and PrV-�UL34Pass virus mutants. To test for in vitro replica-
tion of the gB- and gH-negative mutants, RK13 cells and cell lines
expressing the wild-type glycoproteins gB and gH/gL were in-
fected with an MOI of 0.1, harvested at different times postinfec-
tion, and titrated on complementing cells. As shown in Fig. 2,
none of the gB or gH deletion viruses of either PrV-Ka or the
passaged mutants was able to productively replicate on non-
complementing RK13 cells, whereas the replication defect was
complemented on RK13-gB or RK13-gH/gL cells, respectively.

The plaques formed by PrV-�UL31Pass/�gB and PrV-
�UL34Pass/�gB on RK13-gB cells were comparable in size to
those formed by the parental viruses (Fig. 3). As with the passaged
viruses on RK13 cells, the plaques were smaller than those formed

FIG 2 Replication kinetics of PrV-�UL31Pass and PrV-�UL34Pass mutants lacking gB or gH. (A to C) RK13 (continuous line) or RK13-gB (dashed line) cells
were infected with PrV-Ka and PrV-�gB (A), PrV-�UL31Pass and PrV-�UL31Pass/�gB (B), or PrV-�UL34Pass and PrV-�UL34Pass/�gB (C) at an MOI of 0.1.
(D to E) RK13 (continuous line) or RK13-gH/gL (dashed line) cells were infected with PrV-Ka and PrV-�gH (D), PrV-�UL31Pass and PrV-�UL31Pass/�gH
(E), or PrV-�UL34Pass and PrV-�UL34Pass/�gH (F), also at an MOI of 0.1. At the indicated time points postinfection, cells were scraped into the supernatant,
and virus progeny titers were determined on RK13, RK13-gB, or RK13-gH/gL cells as appropriate. Mean values of three independent assays and the correspond-
ing standard deviations are indicated.
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by PrV-Ka but showed a syncytial phenotype. On RK13 cells in-
fected with gB deletion mutants of either the passaged mutants or
PrV-Ka, only single infected cells could be observed. Similar re-
sults were obtained for the gH-negative mutants. The plaques
formed by PrV-�UL31Pass/�gH and PrV-�UL34Pass/�gH on
RK13-gH/gL cells were phenotypically similar to those of PrV-
�UL31Pass and PrV-�UL34Pass. On RK13 cells, however, again
only single infected cells could be found. No fusion of infected
with neighboring cells was observed with passaged mutants lack-
ing gB or gH, indicating that also in the passaged mutants both
proteins are necessary to induce membrane fusion. For unknown
reasons, PrV-�UL31Pass/�gB produced the smallest plaques on
complementing cells, which parallels less efficient complementa-
tion by these cells in the replication analysis. However, in both
assays, an effect of the transcomplementing gB was clearly visible,
although not to the level of the parental virus.

PrV-�UL31Pass and PrV-�UL34Pass mutants lacking gB
or gH induce nuclear envelope breakdown. Both passaged
UL31- and UL34-negative viruses induce NEBD. To determine
whether gB and gH are involved in NEBD, we analyzed PrV-
�UL31Pass/�gB, PrV-�UL31Pass/�gH, PrV-�UL34Pass/
�gB, and PrV-�UL34Pass/�gH using electron microscopy. To
this end, RK13 cells were infected at an MOI of 1 with
�UL34Pass/�gB, �UL31Pass/�gH, or �UL34Pass/�gH for 16

h or at an MOI of 0.1 with �UL31Pass/�gB for 22 h and pro-
cessed for ultrastructural analysis. As shown in Fig. 4A, absence
of gB from PrV-�UL31Pass did not preclude nuclear envelope
fragmentation nor intracytoplasmic maturation of virion par-
ticles (Fig. 4C) and their release (Fig. 4A, inset). Similar obser-
vations were made for PrV-�UL34Pass lacking gB. Deletion of
gH from either passaged virus also did not block NEBD (Fig. 5A
and B) nor cytoplasmic virion maturation and release (Fig. 5C
and D). Quantitation of nuclei showing NEBD revealed that
after infection with either passaged virus, as well as with the gB-
or gH-deficient mutants, a similar proportion of ca. 50% of the
nuclei were ruptured (Fig. 6). Thus, NEBD occurred indepen-
dently of the presence or absence of gB or gH, and nucleocap-
sids which gained access to the cytosol via the fragmented nu-
clear envelope proceeded with regular virion maturation
demonstrating that the phenotype observed in the absence of
gH or gB resembled that in parental PrV-�UL31Pass and PrV-
�UL34Pass (13, 14). However, syncytium formation which was
routinely detected in PrV-�UL31Pass- and PrV-�UL34Pass-
infected cells, was abolished in the absence of either gB or gH
demonstrating that the viral fusion machinery is not required
for NEBD but remains essential for cell-cell fusion also in cells
infected by PrV mutants inducing NEBD.

FIG 3 Plaque formation of PrV-�UL31Pass and PrV-�UL34Pass mutants deficient in gB or gH. (A) RK13 cells were infected under plaque assay conditions with
2 � 104 PFU per well of PrV-�gB, PrV-�UL31Pass/�gB, or PrV-�UL34Pass/�gB. RK13-gB cells were infected with 200 PFU of PrV-Ka, PrV-�gB, PrV-
�UL31Pass, PrV-�UL31Pass/�gB, PrV-�UL34Pass, or PrV-�UL34Pass/�gB. (B) Similar conditions were used for the infection of RK13 and RK13-gH/gL cells
with PrV-Ka, PrV-�gH, PrV-�UL31Pass, PrV-�UL31Pass/�gH, PrV-�UL34Pass, or PrV-�UL34Pass/�gH. After 2 days of incubation, the cells were fixed with
ethanol and stained with antiserum against pUL19. Bars, 200 �m.
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DISCUSSION

During herpesvirus infection, nucleocapsids have to be translo-
cated from the nucleus into the cytosol for continuing virion mat-
uration. In wild-type virus infections, this process is mediated by
the NEC triggering primary envelopment at the inner nuclear
membrane, followed by de-envelopment at the outer nuclear
membrane (ONM). This regulated nucleocytoplasmic vesicular
transport of nucleocapsids can, however, be bypassed in the ab-
sence of the NEC by herpesvirus-induced NEBD. Although trans-
genic expression of both components of the NEC, pUL34 and
pUL31, is sufficient for the formation and fission of vesicles from
the inner nuclear membrane resembling primary envelopes (33,

34), the machinery mediating fusion of the primary envelope with
the ONM is still unknown, as are the molecular details of NEBD.
Since both processes involve remodeling of lipid membranes it has
been postulated that the viral fusion machinery active during en-
try and direct viral cell-to-cell spread, which includes gB and gH,
may be involved. Whereas there are indications for involvement of
gB and gH in nuclear egress of HSV-1 (15), this is not the case for
PrV (25).

NEBD-inducing PrV mutants lacking pUL34 or pUL31 had
been passaged serially in cell culture, leading to the development
of a highly syncytial phenotype (13, 14). Syncytium formation
indicates a deregulation of membrane fusion. Thus, this deregu-

FIG 4 Electron microscopic analysis of cells infected with gB deletion PrV-�UL31Pass and PrV-�UL34Pass mutants. RK13 cells were infected at an MOI of 0.1
with PrV-�UL31Pass/�gB for 22 h (A and C) or at an MOI of 1 with PrV-�UL34Pass/�gB (B and D) for 16 h and then processed for electron microscopic
analysis. Bars: 2.5 �m, A and B; 1 �m, C; 500 nm, D. For the inset in panel A, the bar represents 200 nm.
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lation could also exert its effects on the nuclear envelope resulting
in NEBD. Since gB and gH are required for virus-induced mem-
brane fusion during entry and direct viral cell-to-cell spread, are
crucial for syncytium formation, and have been postulated as be-
ing involved in nuclear egress, we tested whether these proteins
may participate in NEBD in the absence of the NEC.

Replication kinetics showed that PrV-�UL31Pass/�gB and
PrV-�UL34Pass/�gB were unable to replicate productively on
noncomplementing cells and that they are unable to spread from
infected to noninfected cells similar to gB-negative wild-type PrV-
�gB (27, 35, 36). The defect of PrV-�UL34Pass/�gB was comple-
mented on RK13-gB cells, demonstrating that the mutation found

FIG 5 Electron microscopic analysis of cells infected with gH-deficient PrV-�UL31Pass and PrV-�UL34Pass mutants. RK13 cells were infected at an MOI of 1
with PrV-�UL31Pass/�gH (A and C) or PrV-�UL34Pass/�gH (B and D) for 16 h and then processed for electron microscopic analysis. Bars: 2.5 �m, A and B;
700 nm, C; 1.4 �m, D. For the inset in panel C, the bar represents 200 nm.
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in PrV-�UL34Pass is not involved in the observed NEC-negative
phenotype. PrV-�UL31Pass/�gB, however, replicated to �10-
fold-lower titers compared to PrV-�UL31Pass, even on comple-
menting cells. The results obtained for PrV-�UL31Pass/�gH and
PrV-�UL34Pass/�gH were similar to PrV-�UL34Pass/�gB. Both
virus mutants were unable to replicate on RK13 cells, just like
PrV-�gH, but replicated comparably to their parental viruses on
RK13-gH/gL cells. These results clearly show that gB and gH are
essential for viral replication also in the highly passaged NEC-
negative virus mutants.

Ultrastructural analysis of gB or gH deletion passaged pUL34-
or pUL31-deficient viruses showed that they are still able to induce
NEBD as efficiently as the parental mutants (Fig. 4 to 6). However,
in contrast to the parental virus mutants, syncytium formation
was not observed. Thus, whereas the requirement for gB and gH
for productive replication and fusion of plasma membranes be-
tween infected and uninfected neighboring cells is identical to that
seen in wild-type PrV, neither of the proteins is required for nu-
clear egress via the NEC nor for nuclear escape via NEBD. In
HSV-1, a double deletion of gB and gH showed the greatest effect
on nuclear egress (15). We did not attempt to isolate respective
double deletion mutants of our passaged viruses and thus cannot
exclude that the simultaneous deletion of both essential glycopro-
teins would exert some effect on NEBD. However, results from the
single deletions supports our suggestion that nuclear events dur-
ing PrV replication are not dependent on the action of the viral
entry fusion machinery.

Whole-genome sequence analysis of the genome of PrV-
�UL34Pass revealed several mutations, including a mutation in
gB, whereas the passaged UL31 deletion virus had no changes in
gB (13). This already indicated that the mutation in gB might not
be involved in the observed NEBD (13). This has now been proven
by analysis of the gB deletion PrV-�UL34Pass, which is still capa-
ble of mediating NEBD.

It remains unclear how the passaged UL31- and UL34-defi-
cient viruses induce NEBD. In noninfected cells, nuclear enve-
lope breakdown is induced either during mitosis or apoptosis
(38). HCMV can induce a process at late time points of infec-
tion, which is similar to mitosis. For this pseudomitosis, cyclin-

dependent kinase 1 (Cdk1) plays an important role (39, 40).
TorsinA is important for the maintenance of the nuclear enve-
lope. Recently, it has been shown that overexpression of wild-
type TorsinA leads to the bulging of the outer nuclear mem-
brane into the cytoplasm, whereas the inner nuclear membrane
remained undisturbed (41). TorsinA, the product of the DYT1
(TOR1A) gene, is a member of the AAA� (ATPases associated
with diverse cellular activities) superfamily of ATPases (42,
43). Infection of TorsinA overexpressing cells with HSV-1 not
only impaired viral replication but also inhibited the de-envel-
opment of primary virions, resulting in their accumulation
(44). When embryonic fibroblasts derived from TorsinA
knockout mice were infected with HSV-1, breakdown and ve-
sicularization of the nuclear envelope was observed. This phe-
notype was impaired after infection with a virus deficient in gB
and gD (Richard Roller, unpublished data), indicating that
these viral glycoproteins might be involved in the observed
NEBD. In contrast to these results, we show here that PrV-
�UL31Pass and PrV-�UL34Pass deficient in gB or gH are still
able to induce nuclear envelope breakdown, pointing to a dif-
ferent mechanism for TorsinA-related NEBD compared to
NEBD induced in the absence of the NEC.

Serial passage of herpesviruses often results in the increased
formation of syncytia (45, 46). The enhanced fusogenicity corre-
lates with mutations either in gB (45, 47–50), gK (46), or pUL20
(51). Syncytial mutations in gB were found in two conserved re-
gions of the cytoplasmic domain. Region I is found next to the
transmembrane domain and contains residues R796 to E816/817.
Region II is located centrally in the cytoplasmic domain and in-
cludes residues A855 and R858 (47). The syncytial mutations in
gK are mainly located in domain I, which is in the extracellular
part of the protein. Additional syncytial mutations are C243, I304,
and R310 (52–57). In addition to gB and gK, pUL20 is involved in
virus-induced cell fusion. It has been suggested that gK and pUL20
together regulate the fusogenic capacity of gB (58, 59). However,
in PrV-�UL34Pass no mutation was detected in gK or UL20, and
the mutation found in gB, Q148R, has not been linked to syncy-
tium formation. In PrV-�UL31Pass no gB mutation was detected
(13). Interestingly, during serial passaging of PrV-�UL31Pass, a
deletion of the gE-encoding gene occurred (13), which, however,
apparently did not impair syncytium formation. This finding is in
contrast to reports from HSV-1 and varicella-zoster virus (60, 61),
possibly indicating differences in the function of the fusion appa-
ratus between the different viruses.

In summary, we were able to show that gB and gH do not
participate in virus-induced NEBD but are important for the for-
mation of syncytia in PrV-�UL31Pass and PrV-�UL34Pass.
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