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ABSTRACT

Herpes simplex virus 1 (HSV-1) capsids are assembled in the nucleus, where they incorporate the viral genome. They then transit
through the two nuclear membranes and are wrapped by a host-derived envelope. In the process, several HSV-1 proteins are tar-
geted to the nuclear membranes, but their roles in viral nuclear egress are unclear. Among them, glycoprotein M (gM), a known
modulator of virus-induced membrane fusion, is distributed on both the inner and outer nuclear membranes at the early stages
of the infection, when no other viral glycoproteins are yet present there. Later on, it is found on perinuclear virions and ulti-
mately redirected to the trans-Golgi network (TGN), where it cycles with the cell surface. In contrast, transfected gM is found
only at the TGN and cell surface, hinting at an interaction with other viral proteins. Interestingly, many herpesvirus gM analogs
interact with their gN counterparts, which typically alters their intracellular localization. To better understand how HSV-1 gM
localization is regulated, we evaluated its ability to bind gN and discovered it does so in both transfected and infected cells, an
interaction strongly weakened by the deletion of the gM amino terminus. Functionally, while gN had no impact on gM localiza-
tion, gM redirected gN from the endoplasmic reticulum (ER) to the TGN. Most interestingly, gN overexpression stimulated the
formation of syncytia in the context of an infection by a nonsyncytial strain, indicating that gM and gN not only physically but
also functionally interact and that gN modulates gM’s activity on membrane fusion.

IMPORTANCE

HSV-1 gM is an important modulator of virally induced cell-cell fusion and viral entry, a process that is likely finely modulated
in time and space. Until now, little was known of the proteins that regulate gM’s activity. In parallel, gM is found in various in-
tracellular locations at different moments, ranging from nuclear membranes, perinuclear virions, the TGN, cell surface, and ma-
ture extracellular virions. In transfected cells, however, it is found only on the TGN and cell surface, hinting that its localization
is modulated by other viral proteins. The present study identifies HSV-1 gN as a binding partner for gM, in agreement with their
analogs in other herpesviruses, but most excitingly shows that gN modulates gM’s impact on HSV-1-induced membrane fusion.
These findings open up new research avenues on the viral fusion machinery.

Herpesviridae are among the most complex human viruses
from the point of view of their large genomes and viral parti-

cle composition. Among them, herpes simplex virus 1 (HSV-1),
the prototype of human alphaherpesviruses, incorporates its
152-kb genome into an icosahedral capsid surrounded by a mul-
tiprotein tegument layer and a cell-derived lipid layer containing
over a dozen viral proteins (1, 2). Of the latter, those mediating
viral entry, namely, gB, gD, and the gH/gL complex, are essential
for the propagation of the virus (3). In contrast, the viral glyco-
protein M (gM) is conserved throughout the family and typically
critical for beta- and gammaherpesviruses but is not essential for
most alphaherpesviruses, including HSV-1 (4–16). Consequently,
when gM is depleted from HSV-1 or the related alphaherpesvirus
pseudorabies virus, viral yields are minimally reduced by 3- to
50-fold. However, its impact is substantially increased when UL11
and gE/gI are codepleted in combination with gM, likely due to
overlapping functions between these viral proteins (5, 17–19).

Despite its nonessential status in tissue culture, gM of several
alphaherpesviruses has been associated with a number of func-
tions throughout the viral life cycle (7, 10, 19–22). The glycopro-
tein is thus known to downregulate the surface expression of gD
and the gH/gL complex, two key players in virus-induced mem-
brane fusion, and facilitates the upstream incorporation of the
gH/gL complex into mature virions (23, 24). Furthermore, gM has
been shown to stimulate viral entry in the context of syncytial

strains (22). However, despite its presence on nuclear membranes
(see below), gM is seemingly not involved in the release of herpes-
viruses from the nucleus, where newly made viral capsids are ini-
tially assembled (17). In contrast, with the conserved gN viral
protein, gM alters immunity against the virus by downregulating
the transport and peptide loading of major histocompatibility
complex class I in the endoplasmic reticulum (ER) (25–30). Fi-
nally, and perhaps most interestingly, gM has been reported to
modulate virulence in animal models (31, 32). Thus, gM appears
to exert important and diverse regulatory activities at potentially
different intracellular localizations. In this context, targeting of
gM to these distinct sites is likely one important means to regulate
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its function. It is therefore critical to understand this process and
define its molecular players.

In several herpesviruses, gM, gN, and related homologues
physically interact (16, 21, 33–36). In many cases, this association
impacts their release from the ER and maturation at the Golgi
apparatus. For Epstein-Barr virus (EBV) and infectious laryngo-
tracheitis virus (ILTV), gM is required for the processing of the
related gN (36, 37), while for bovine herpesvirus 1 (BHV-1), hu-
man herpesvirus 6 (HHV-6), and HHV-8, gN is a dominant de-
terminant of gM transport and maturation (15, 21, 30). In con-
trast, the sole transfection of HSV-1 gM is sufficient to drive it to
the trans-Golgi network (TGN) irrespective of the presence of gN
or other viral genes (23, 38). However, a more complex and dy-
namic scenario takes place in infected cells with the early recruit-
ment of HSV-1 gM to nuclear membranes at 4 h postinfection
(hpi) and ultimately on perinuclear virions once they are pro-
duced (38, 39). Much later on, gM is redirected to the TGN, where
it cycles back and forth with the plasma membrane and may ulti-
mately be retargeted again to the ER at a time when the TGN is
eventually disrupted by the infection (39). The glycoprotein is also
incorporated on mature extracellular virions (6). HSV-1 gN local-
ization is more problematic to access, as antibodies are currently
unavailable to characterize it. It is thus unclear if it is com-
plexed to gM, as are its counterparts in other herpesviruses,
and how the two molecules depend on each other for their
intracellular transport and maturation. Moreover, no function
has yet been assigned to gN.

Given that gM expression is detectable as early as 2 hpi and that
gN mRNAs are only discernible from 10 hpi onward, coincident
with the release of gM from the ER (38), it was tempting to pos-
tulate that gN may be the molecular switch that releases gM from
the nuclear membranes in infected cells. The present study exam-
ines this possibility using a yellow fluorescent protein (YFP)-
tagged version of gN to monitor it and depicts an intricate situa-
tion where gM and gN do indeed form a complex in the absence of
additional viral proteins, as the two proteins readily interacted in
transfected and infected cells. While gM was targeted to the TGN
independently of gN, the latter was exclusively at the ER when
transfected alone. However, gN was significantly redirected to the
TGN in the presence of gM. Importantly, the mutual coimmuno-
precipitation (co-IP) of YFP-tagged gN with either endogenous or
exogenous gM confirmed their physical interaction both in trans-
fected and infected cells. Taking advantage of a previously re-
ported mutant deleting the first two methionines at amino acids 1
and 19 (19), but still expressing lower levels of an amino-terminal
truncated gene product starting from the third methionine resi-
due at amino acid 133, we further showed that the formation of
the gM/gN complex still occurs but is strongly disrupted by the
deletion. Most excitingly, this physical interaction transcends into
a functionally relevant one, as overexpression of gN in wild-type
(WT)-infected cells leads to a significant increase of syncytium
formation, a normally rare event unless syncytial mutants are
used. All together, these results hint at a fine multiprotein modu-
lation of cell-cell fusion that is deregulated by altering gN expres-
sion. Given the importance of cell-to-cell transmission to avoid
immune detection by neutralizing antibodies, these findings likely
have a significant impact for viral spread.

MATERIALS AND METHODS
Cells and viruses. 143B and HeLa (ATCC) cells were grown in Dulbecco’s
modified Eagle’s medium (Sigma-Aldrich) supplemented with 10% fetal
calf serum (FCS; HyClone) and 2 mM L-glutamine (Invitrogen) in 5%
CO2. 143B cells were also supplemented with 15 �g/ml 5-bromo-2 de-
oxyuridine (BrdU; Sigma) except prior to transfection or infection. The
nonsyncytial wild-type HSV-1 strain 17� (obtained from Beate Sodeik)
and the HSV-1�gM2 mutant virus (provided by Konstantin Kousoulas
[19]) were propagated on BHK cells, and their titers were determined by
plaque assay on Vero cells. For clarity, the viruses and constructs used in
the paper are shown in Fig. 1.

Transfections and infections. For cotransfection studies, 143B cells
grown in 24-well plates were transfected with 0.8 �g/well of pHA-UL10
(expressing hemagglutinin [HA]-tagged HSV-1 gM; Mutagenex) and
pEYFPN1-HSV UL49A (coding for HSV-1 gN; generously provided by
Colin Crump) using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. Twenty-four hours later, the cells were fixed
and permeabilized for immunofluorescence microscopy. To monitor
their subcellular localization in the context of an HSV-1 infection, the cells
were first transfected with 0.8 �g/ml of pEYFPN1-HSV UL49A for 24 h
and then absorbed with wild-type HSV-1 strain 17� at a multiplicity of
infection (MOI) of 2 for 1 h at 37°C and subsequently grown in standard
medium at 37°C. At various times following postinfection, the cells were
fixed and permeabilized for immunolabeling as detailed below.

Immunofluorescence microscopy. For confocal microscopy, cells
were fixed at 4°C for 30 min in 3% paraformaldehyde made in phosphate-
buffered saline (PBS) and washed with PBS, and any remaining fixative
was inactivated with 50 mM NH4Cl in PBS. The cells were permeabilized
using 0.1% Triton X-100 for 4 min, and nonspecific protein binding sites
were blocked with 10% FCS. The specimens were labeled for 1 h at room
temperature with primary antibodies diluted in 10% FCS, washed, and
incubated with secondary antibodies for 30 min. The samples were
mounted on glass slides in Dako containing 0.1 �g/ml Hoechst 33342
(Sigma-Aldrich) to stain the nuclei. The following primary antibodies
were used: anti-gM rabbit polyclonal 4c10 (courtesy of Joel Baines) to
detect endogenous gM (infection) or a mouse monoclonal anti-HA anti-
body (Santa Cruz) to detect HA-tagged exogenous gM (transfection). We
also used sheep anti-TGN46 (Serotec), rabbit anti-calnexin (Stressgen),
and a mouse anti-green fluorescent protein (GFP; Roche). All secondary
antibodies (Alexa 488, 568, and 674) were from Molecular Probes. Fluo-
rescence microscopy was performed on an LSM510 confocal microscope
and software (Carl Zeiss). The confocal sections were all acquired using a
100� objective, and contrast adjustments of immunofluorescence images
were performed equally with Adobe Photoshop CS5 for all images within
each experiment. Quantification of the subcellular localization of gM and
gN was done by manually counting cells that were positive for both pro-
teins. In all cases, at least 200 positive cells were compiled for each condi-
tion and independent experiment.

Syncytium formation. 143B cells grown in 24-well plates were trans-
fected with 0.8 �g/well of pEYFPN1-HSV UL49A using Lipofectamine
2000 as described above. Twelve hours later, the cells were infected with
the nonsyncytial wild-type HSV-1 strain 17� or the HSV-1�gM2 mutant
at an MOI of 2 for 1 h at 37°C and then grown in standard medium at
37°C. At various times postinfection, the cells were fixed and stained with
0.1 �g/ml Hoechst 33342 to identify the nuclei. The plasma membrane
was additionally labeled with 5 �g/ml wheat germ agglutinin (WGA) con-
jugated to Alexa Fluor 647 (Molecular Probes) to delineate the cell bound-
aries. Syncytia, defined as fluorescent membranes containing two or more
nuclei, were scored from randomly selected fields of view (200 cells per
condition per independent experiment).

Immunoprecipitation. For immunoprecipitation studies, HeLa cells
were chosen because of their high rate of transfection. They were grown
on 10-cm dishes and transfected at 80% confluence with either 24 �g/dish
of pHA-UL10 or pEYFPN1-HSV UL49A or alternatively with 12 �g/dish
of each plasmid. Twenty-four hours posttransfection, the cells were lysed
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for 30 min at 4°C with gentle agitation with RIPA buffer (0.15 M NaCl, 10
mM Tris-HCl [pH 7.4], 1% deoxycholic acid, 1% NP-40, 0.1% SDS, sup-
plemented with protease inhibitor cocktail [Roche]). For immunopre-
cipitation studies in the context of infections, cells were transfected for 24
h with 24 �g/dish of pEYFPN1-HSV UL49A and subsequently infected
with HSV-1 WT or the HSV-1 �gM2 mutant at an MOI of 5 for an
additional 16 h. They were then lysed as described above. In both cases,
cell debris was removed by centrifugation (14,000 � g, 15 min, 4°C), and
the supernatants were incubated with preimmune serum for 1 h. These
lysates were subsequently incubated with protein A agarose (Roche) for 1
h hour at 4°C with gentle agitation. After centrifugation at 10,000 � g for
5 min to remove the beads, these precleared lysates were incubated over-
night at 4°C with mouse anti-HA (to detect exogenous gM), rabbit 4c10

polyclonal (to bring down endogenous gM; in our hands, the PAS980
polyclonal (see below) did not work well for this purpose), or mouse
anti-GFP (which very efficiently binds enhanced YFP [EYFP] [data not
shown]). Fresh protein A agarose beads were added for 60 min, and the
immune complexes were washed three times with RIPA buffer and once
with Tris-HCl (pH 7.4) to remove unbound proteins. The bead-bound
material and total lysates were finally analyzed by Western blotting as
detailed below. To evaluate the impact of the gM truncation on gN coim-
munoprecipitation (co-IP), the quantification of the Western blot data was
normalized to the level of gM and gN that could be immunoprecipitated by
their respective antibodies. The ratio between the co-IP in the context of
wild-type infection and the amount of co-IP with the HSV-1 �gM2 mutant
was then calculated.

FIG 1 Schematic view of plasmids and viruses used in this study. (A) Plasmid vectors expressing either the amino-terminal HA-tagged gM (pHA-UL10) or the
carboxyl-terminal YFP-tagged gN (pEYFPN1-HSV UL49A) fusion proteins are shown. The gray areas indicate the predicted transmembrane domains. (B) The
genomic map of the HSV-1 genome is showing the unique long (UL) and unique short (US) regions flanked by terminal (TR) and internal inverted (IRL and IRS)
repeat sequences. In most experiments, wild-type virus coding for the full-length gM was used (473 amino acids; HSV-1 WT). Where indicated, a mutant virus
coding for a truncated gM, in which the first 133 amino acids of gM were deleted (HSV-1 �gM2 mutant), was used.
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SDS-PAGE electrophoresis and Western blotting. gM tends to ag-
gregate near boiling temperatures (personal unpublished observation).
Consequently, immunoprecipitated proteins and whole-cell lysates
were heated prior to being loaded on denaturing 10% polyacrylamide
gels with sample buffer (50 mM Tris-HCl [pH 6.8], 2% SDS, 0.1%
bromophenol blue, 10% glycerol, and 2% �-mercaptoethanol) at 37°C
for 1 h to analyze gN, 56°C for 2 min for gM, and 1 h at 37°C plus 2 min
at 56°C when analyzing both proteins. After electrophoresis, the pro-
teins were transferred to polyvinylidene difluoride membranes. The
membranes were immersed for 1 h in blocking buffer (5% nonfat dry

milk, 13.7 mM NaCl, 0.27 mM KCl, 0.2 mM KH2PO4, 1 mM
Na2HPO4, and 0.1% Tween 20) and subsequently incubated for 2 h
with a rabbit polyclonal against HSV-1 gM (PAS980, kindly provided
by Lynn Enquist) or rabbit anti-GFP antibodies diluted in blocking
buffer to detect gM and gN, respectively. The blots were then washed
and probed with secondary antibodies conjugated to horseradish per-
oxidase (anti-rabbit [Cedarlane]). When rabbit gM antibodies were
used for both immunoprecipitations and Western blotting (for in-
stance, to detect gM/gN complexes in infected cells), light-chain-spe-
cific antibodies (ImmunoResearch Johnson) were used as secondary

FIG 2 gM drives gN to the TGN in transfected cells. 143B cells grown on coverslips were transfected with plasmids coding for HA-tagged gM and YFP-labeled
gN or cotransfected with the two plasmids and processed as described in Materials and Methods. The coverslips were fixed and then reacted with antibodies
against HA (to detect gM), TGN46 (to label the TGN), or calnexin (to identify the endoplasmic reticulum), while nuclei were labeled with Hoechst. Samples were
analyzed by confocal laser scanning microscopy. Scale bar, 10 �m.
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antibodies at this stage to avoid the detection of the primary antibody.
Final revealing was done with the Super Signal West Pico chemilumi-
nescent substrate (Pierce) on Kodak BioMax Light film or by using a
ChemiDoc MP system (Bio-Rad). Where indicated, the latter was used
to quantify the expression of gM in wild-type and mutant strains using
the onboard quantification tools (Image Lab version 5.0).

RESULTS
gM binds to and drives gN to the TGN in transfected cells. To
directly probe the putative formation of an HSV-1 gM/gN com-
plex, the two proteins were first examined by fluorescence micros-
copy in transfected cells. As anticipated, cells that were transfected
with gM alone led to the accumulation of that protein at the TGN
(Fig. 2), in agreement with previous reports (23, 38). In contrast,
gN alone accumulated in the ER, as evidenced by its reticular
staining and outer nuclear envelope pattern and overlapping with
the calnexin marker (Fig. 2). When coexpressed with gM, both
proteins strongly colocalized and were exclusively found at the
TGN in doubly transfected cells (Fig. 2). Quantification of over
600 cells taken from multiple images and three independent ex-
periments confirmed these findings with 100% of transfected gM
alone at the TGN, 100% of gN alone in the ER, and 100% of
cotransfected gM and gN at the TGN, respectively. Importantly,
cotransfection of gN with an empty HA vector did not relocalize
any gN to the TGN (data not shown). While gM targeting was
independent of gN, the intracellular localization of gN was thus
strongly influenced by gM. Taken together, these data strongly
hinted at a functional interaction between gM and gN.

To assess whether the functional interaction seen in the

cotransfected cells translated into direct physical interactions,
cells were transfected with plasmids coding for either protein or
cotransfected with both and analyzed by pulldown. Unfortu-
nately, the initial gM polyclonal used (PAS980) was not suitable
for immunoprecipitations in our hands, and a gN antiserum is
unavailable as of yet; the two molecules were thus individually
immunoprecipitated using an antibody against the HA tag present
on gM or an anti-GFP antibody, which efficiently reacted with the
related EYFP tag present on gN (data not shown). These samples
were then analyzed by Western blotting to probe the association of
the two proteins. As revealed in Fig. 3A and B, either antibody
readily and specifically detected its intended target. Furthermore,
the gM glycoprotein was, as expected, expressed in multiple
forms, ranging from 55 to over 70 kDa, consistent with its previ-
ously documented post-translational processing (6, 38). Mean-
while, gN appeared as a single band near the 37-kDa marker, a
mass consistent with the predicted 9.2-kDa gN when coupled to
the 27-kDa YFP moiety (Fig. 3A). Most interestingly, the immu-
noprecipitation of gM brought down gN and vice versa, indicating
that the two molecules did indeed interact and did so in the ab-
sence of any additional viral protein (Fig. 3C). Interestingly, the
GFP immunoprecipitation appeared enriched in the higher-mo-
lecular-mass forms of gM and contained much less of the 55-kDa
gM band seen in the total cell lysate or gM immunoprecipitation,
suggesting the complex may preferentially be enriched for specific
gM posttranslational forms (Fig. 3C).

The gM/gN complex exists in infected cells. Given the differ-
ential behavior of gM in infected and transfected cells, it was cru-

FIG 3 Physical interaction between gM and gN in transfected cells. HeLa cells were transfected with plasmids expressing HA-tagged gM (gM) or YFP-tagged gN
(gN) or cotransfected with both constructs (gMgN). The cells were harvested at 24 h posttransfection and lysed with RIPA buffer. (A) As positive controls, 1/50th
of the total lysate of each sample was also loaded onto the gels and analyzed. (B and C) The rest of the lysates were immunoprecipitated (IP) with mouse anti-HA
antibodies for gM or mouse anti-GFP antibodies for gN and subjected to SDS-PAGE in 10% gel followed by Western blotting. The blots were reacted with the
PAS980 anti-gM antibody or an anti-GFP antibody to detect gM and gN, respectively, as indicated to the left of each blot. The molecular masses of the molecular
weight markers are indicated to the right of the panels.
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cial to evaluate if the above gM/gN complex could also be detected
in the context of an infection. For this purpose, cells were trans-
fected with pEYFPN1-HSV UL49A to circumvent the lack of gN
antibody and then infected with the wild-type virus as a source of
endogenous gM. The potential complex was probed by pulldown
assays. The data confirm the specificity of the respective antibodies
and their ability to bring down their intended targets (Fig. 4B). It
also shows that a complex could indeed be readily detected in
infected cells supplemented with exogenous YFP-tagged gN (Fig.
4C), in agreement with the aforementioned cotransfection results.
As before, gN was detected as a single band, indicating that gN
expression in the context of an infection was no different than in
transfection experiments. Similarly, the complex appeared en-
riched in the higher-molecular-mass forms of gM (compare total
or immunoprecipitated gM with that following an immunopre-
cipitation against the YFPP/gN protein). We thus concluded that
gM does indeed form a complex with gN in both transfected and
infected scenarios.

Implication of the gM amino terminus in the gM/gN com-
plex. Knocking out the HSV-1 gM protein has proven an unusu-
ally difficult matter, as deleting its start site results in the expres-
sion of gM from internal methionines. To address this issue,
Chouljenko and colleagues had previously reported the use of a
double HSV-1 mutant strain in which the first two methionines
were mutated to substantially reduce gM expression (19). To first

confirm these findings, we probed this viral mutant with the car-
boxyl-terminal 4C10 gM antibody by both immunofluorescence
and Western blotting. The data indicated that while the mutations
were very effective at reducing gM expression, small residual
amounts of the protein were nonetheless still detectable by immu-
nofluorescence (Fig. 5A) and Western blotting (Fig. 5B). Quanti-
fication of the Western blot data indicated that the truncated mu-
tant was expressed at approximately 15% of the level of wild-type
gM (Fig. 5C). Far from being an impediment, this provided us
with an opportunity to ask if the amino terminus of gM is impor-
tant for its interaction with gN. Thus, cells transfected with exog-
enous pEYFP HSV1 UL49A and infected with the double gM
(HSV-1�gM2) mutant were analyzed by coimmunoprecipitation
as described above. The data showed that the gN still bound to the
truncated gM (Fig. 6C). However, quantification of 3 independent
experiments indicated that the detection of the gM/gN complex
was reduced by 33-fold compared to full-length gM, taking into
account the relative expression level of the two proteins and the
ability of the antibodies to immunoprecipitate them. As noted
before, the complex preferentially contained the higher-molecu-
lar-mass form of gM.

Functional relevance of the complex. Various gM/gN com-
plexes have been documented in distinct herpesviruses, hinting at
a conserved role. Although the association of gM with gN typically
causes a change of localization of one or both of the proteins, no

FIG 4 Coimmunoprecipitation of the gM/gN complex in infected cells. HeLa cells were transfected with YFP-tagged gN for 24 h. They were then infected with
wild-type virus at an MOI of 5, and the cells were harvested at 16 hpi and lysed. Two and a half percent (1/40th) of the lysates were directly loaded onto the gels
(A), and the rest of the lysates were immunoprecipitated (IP) with the 4C10 anti-gM or anti-GFP antibody as indicated (B and C). All samples were analyzed by
Western blotting. The blots were reacted with the PAS980 anti-gM (A to C, right side) or anti-GFP antibodies (A to C, left side). Uninfected cells were used as the
negative control. The molecular masses of the molecular weight markers are indicated to the right of the panels.

El Kasmi and Lippé

2318 jvi.asm.org February 2015 Volume 89 Number 4Journal of Virology

http://jvi.asm.org


function has been assigned to either gN or the gM/gN complex.
However, gM is a negative modulator of cell-cell fusion when
cotransfected with the HSV-1 fusion machinery constituted of the
viral glycoproteins gB, gD, and gH/gL (23). In contrast, gM stim-

ulates the entry by fusion of the virus in the context of strong
syncytial strains (22), indicating that virus-induced fusion is nor-
mally very tightly controlled. Given this highly modulated fusion
activity, we asked whether gN might also participate in this pro-
cess. One clue came during the above-described studies when syn-
cytia were noted upon gN overexpression in infected cells, some-
thing that is uncommon when using the 17� wild-type HSV-1
strain. To address this more systematically, we quantified syncy-
tium formation under various conditions using Hoechst to stain
the nuclei and Alexa Fluor 647-labeled WGA to delineate the cell
boundaries (see insets of Fig. 7). Not surprisingly, syncytia were
never seen in gN-, gM-, or gM/gN-transfected cells in the absence
of virus since the HSV-1 fusion apparatus is lacking in these sce-
narios (data not shown). Similarly, the sole presence of wild-type
virus predominantly yielded a nonsyncytial phenotype, with over
80% of cells containing a unique nucleus or very few of them (Fig.
7A). In contrast, only 45% of cells contained a single nucleus when
gN was overexpressed in wild-type-infected cells (Fig. 7B). This
substantial increase in cell-cell fusion was statistically highly sig-
nificant (P � 0.0039 when comparing the increase of cells with
more than one nucleus; P � 0.0007 if one compares the decrease
of cells with a single nucleus) and reached up to 13 nuclei per cell
(Fig. 7B). Very interestingly, this syncytial phenotype depended
on the presence of both gM and gN, as a viral strain depleted for
gM (HSV-1�gM2 mutant) was statistically indistinguishable (P �
0.05) from wild-type virus in terms of syncytia, even upon the
overexpression of gN (Fig. 7C and D). Moreover, the lack of any
significant syncytia in the case of truncated gM plus YFP gN shows
that the gN, and consequently the vector alone, does not induce
cell-cell fusion per se. This was nonetheless confirmed by trans-
fecting the empty vector and then infecting the cells with wild-type
virus. In these experiments, 94% of cells had a single nuclei (n �
295 cells). This suggested that the gN overexpression deregulated
the normally tightly gM-controlled virus-induced fusion.

DISCUSSION

From alphaherpesviruses to gammaherpesviruses, gM interacts
with gN, and the complex typically leads to changes in intracellu-
lar targeting of either or both proteins (15, 21, 30, 36, 37, 40). The
present study indicates that this extends to HSV-1 and further
reveals that the amino terminal 132 amino acids of HSV-1 gM are
important for an efficient interaction between the two proteins. At
this point though, it is premature to conclude if the deletion of the
amino gM terminus removes a binding domain or perhaps alter-
natively impacts the overall conformation of the protein. It may
also be that the lower expression level of the truncated mutant
lessens the probability of contact between the two proteins. In all
cases, the complex was composed of a single gN molecular-mass
band preferentially bound to, but not exclusively, higher-molec-
ular-mass forms of gM, which are presumably the heavily glyco-
sylated forms of the protein. This may mean the two proteins
interact once gM is modified in the Golgi or, more likely, since gN
is never TGN bound in the absence of gM, that the two proteins
interact in the ER and the complex is then transported to the
Golgi, where immature sugars on gM can be modified.

It is unfortunately not possible to address the intracellular lo-
calization of endogenously expressed and untagged gN, as no an-
tibody is available and our efforts to produce such an antibody
have failed (I. El Kasmi and R. Lippé, unpublished data). We thus
cannot rule out that the ER localization of the overexpressed gN

FIG 5 Expression of gM in wild-type and mutant HSV-1 strains. (A) 143B
cells grown on coverslips were infected with the HSV-1�gM2 mutant and, as a
positive control, wild-type HSV-1. The cells were fixed at 16 hpi and stained
with anti-gM (4C10) antibody (red) and Hoechst (blue). (B) HSV-1- or HSV-
1�gM2 mutant-infected or mock-treated 143B cells were also harvested at 16
hpi, and cell lysates were analyzed by Western blotting. The blots were reacted
with anti-gM (PAS980) antibodies or, as a loading control, antibodies against
the major capsid protein VP5. Mock-infected cells were used as a negative
control. Note that the predicted molecular mass for gM is 52 kDa, while that of
the truncated HSV-1�gM2 mutant (lacking the first 132 amino acids) is 37.5
kDa. These predictions do not take into consideration the reported post-trans-
lational processing of the gM protein, clearly evident in the blots. (C) Quanti-
fication of the Western blot expression levels of gM in HSV-1 WT and the
HSV-1�gM2 mutant. These estimates were normalized against VP5 (ratios of
gM to VP5). For easier comparison, the data for wild-type virus was arbitrarily
defined as 100%. Scale bar, 10 �m.
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does not reflect that of gN expressed by the virus. However, as the
YFP-tagged gN clearly physically and functionally interacted with
both endogenous and exogenously expressed gM, we feel confi-
dent that the gM/gN complex reported here is biologically rele-
vant. Moreover, the colocalization of the two proteins in intact
cells indicated the immunoprecipitated complex is not an artifact
based on a post-lysate event taking place in the test tube.

Interestingly, while gN is dominant and alters the localization
and/or maturation of gM in BHV-1, equine herpesvirus 1 (EHV-
1), and HHV-8 (21, 30, 40), the opposite seems true for HSV-1,
EBV, and infectious ILTV, where gM is required for the transport
and/or processing of gN (this study) (36, 37). While the reasons
for this distinction among herpesviruses are not clear, that the
complex formation has targeting consequences for gM or gN in all
herpesviruses studied so far appears well conserved.

We previously reported the late targeting of gM from the nu-
clear membranes to the TGN in infected cells (38), but the mech-
anisms targeting gM to either compartment are not known. Our
initial expectation was that gN might constitute the molecular
switch that triggers HSV-1 gM relocalization since gN expression

coincides with this change of targeting and is known to redirect
gM in some herpesviruses. Unexpectedly, this was not the case for
HSV-1. Given that gM is never nuclear when transfected alone but
transits in different intracellular compartments during an infection,
this indicates that one or more additional viral proteins controls gM
intracellular targeting or that, alternatively, a host protein does so
under the influence of the virus. How gM is targeted to the nucleus
and escapes this compartment thus remains a mystery.

The impact of the gM/gN complex on virus-induced mem-
brane fusion, a phenomenon normally under tight control, is of
significant interest. Past studies have attributed both a negative
and positive role for gM. Hence, gM cotransfection reduced cell-
cell fusion mediated by the HSV-1 fusion machinery composed of
gB, gD, and the gH/gL complex (23). In apparent contrast, gM was
recently reported to stimulate viral entry, i.e., the fusion of the
viral envelope with the cell surface in the context of strong syncy-
tial strains (22). Interestingly, both cases involve “forced situa-
tions” where the fine controls of virally induced fusion were de-
regulated, as has been the case with the various syncytial strains
studied in the past, all of which involve mutations (41–49). De-

FIG 6 gM/gN interacts less efficiently with the amino-truncated �gM2 protein. HeLa cells were transfected with YFP-tagged gN for 24 h. They were then infected
with HSV-1�gM2 virus at an MOI of 5, and the cells were harvested at 16 hpi and lysed. Two and a half percent (1/40th) of the lysates were directly loaded onto
the gels, and the rest of the lysates were immunoprecipitated (IP) with the 4C10 anti-gM or anti-GFP antibody (B and C) and analyzed by Western blotting. The
blots were reacted with the PAS980 anti-gM (A to C, right side) or anti-GFP antibodies (A to C, left side). As before, the molecular masses of the molecular weight
marker are indicated to the right of the panels.
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FIG 7 The HSV-1 gN viral protein induces syncytial formation in infected cells. 143B cells were transfected with (B and D) or without (A and C) YFP-tagged gN
for 24 h and subsequently infected at an MOI of 2 with wild-type virus (A and B) or the HSV-1�gM2 mutant (C and D). At 12 hpi, the cells were fixed and stained
without permeabilization for plasma membrane with Alexa 647-labeled wheat germ agglutinin to delineate the cell boundaries. Cells were then washed and
examined by confocal laser scanning microscopy for the presence of syncytia, defined as single cells containing two or more nuclei. Quantification was done by
counting 200 cells for each experiment. The reported values represent averages from three independent experiments. The error bars indicate standard
deviations. Fluorescence microscopy insets show typical examples for each condition. The asterisk in panel B denotes an example of a syncytium. Scale bar,
10 �m.
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spite this possible caveat, these experimental models are clearly
very useful to unravel new fusion modulators that may otherwise
be difficult to detect. It is in a similar context that gN=s role on
syncytial formation was detected in the present study, in this case
by overexpressing gN early during an infection with a nonsyncy-
tial strain.

The apparent discrepancy between the transfection and infec-
tion scenarios must be reconciled somehow. It is worth noting
that gM inhibition of fusion in the transfected model can occur in
the absence of gN but is stimulated by it (23), while the stimula-
tory activity of gM on fusion during entry by syncytial strains
happens in the presence of gN (22). In contrast, the sole coexpres-
sion of gM and gN in the absence of the gB, gD, and gH/gL is
insufficient to drive cell-cell fusion. Our own present findings in-
dicate that the sole overexpression of gN in transfection experi-
ments or in the context of a virus expressing significantly reduced
amounts of gM (HSV-1�gM2 viral mutant) does not induce syn-
cytial formation. All together, these results suggest that gN=s ac-
tivity first depends on the presence of gM and second that addi-
tional viral proteins temporarily and spatially modulate gM
positive or negative regulation of fusion. Although speculative, it
may be critical to identify additional modulators of fusion and
finely manipulate this viral apparatus. This will surely be a signif-
icant challenge.

While the precise interplay between gM and gN remains elu-
sive, it is tempting to speculate that gM may play a role early
during the infection, when it is located on nuclear membranes and
when gN is not yet expressed. At that stage, gM could regulate
membrane fusion, perhaps preventing the unrestricted fusion of
the inner and outer nuclear membrane at a time when new viral
particles have yet to be assembled. The targeting of gM to nuclear
membranes prior to the presence of the gB, gD, and gH fusogenic
machinery would be consistent with such a concept (38, 50–53).
As gM is subsequently detected on perinuclear virions at 14 hpi
(39), it could then promote the fusion of the enveloped viral par-
ticles with the outer nuclear membrane, although data by Leege
and colleagues argue otherwise, as the deletion of gM from the
related pseudorabies virus does not lead to an accumulation of
perinuclear virions (17). Further downstream, the partial release
of gM from the nucleus (observed from 10 to 13 hpi) coincides
with the expression of gN (mRNA detectable at 10 hpi) and tar-
geting of gN to the TGN. The exact mechanism of action of gN is
still unknown, but it may modulate gM by potentially sequester-
ing it and/or preventing it from interacting with other proteins.
This interaction of gN with gM in infected cells could thus prevent
gM’s negative modulation on membrane fusion and thus promote
cell-cell fusion under perhaps yet-to-be-defined suitable condi-
tions. This would enable the virus to evade neutralizing antibodies
awaiting outside the cell and thus favor viral spreading.
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