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Glycoprotein D (gD) of herpes simplex virus type 1 (HSV-1) plays a key role in multiple events during infection
including virus entry, cell-to-cell spread, and virus-induced syncytia formation. Here, we provide evidence that
an arginine/lysine cluster located at the transmembrane-cytoplasm interface of gD critically contributes to viral
spread and cell-cell fusion. Our studies began with the discovery that packaging of gD into virions is almost
completely blocked in the absence of tegument protein UL16. We subsequently identified a novel, direct, and
regulated interaction between UL16 and gD, but this was not important for syncytia formation. However, a
mutational analysis of the membrane-proximal basic residues of gD revealed that they are needed for the gBsyn
phenotype, salubrinal-induced fusion of HSV-infected cells, and cell-to-cell spread. Finally, we found that these

same gD tail basic residues are not required for cell fusion induced by a gKsyn variant.

1. Introduction

An estimated 67% of adult humans are latently infected with herpes
simplex virus type 1 (HSV-1) (Looker et al., 2015). Dissemination of the
virus occurs through two distinct mechanisms. With cell-free spread,
newly made virions are released from an infected cell and subsequently
enter uninfected cells to repeat the cycle. This perpetuates infection
within the host and can also facilitate virus spread to a new host. Ad-
ditionally, HSV-1 utilizes a cell-to-cell spreading mechanism, in which
virions are transported to lateral junctions and pass directly into ad-
jacent, uninfected cells (Johnson and Huber, 2002; Mateo et al., 2015).
This poorly understood mechanism, rather than cell-free spread
(Sattentau, 2008), allows the virus to move from the initial site of in-
fection in epithelial cells into sensory neurons, where latency is estab-
lished (Smith, 2012). When reactivation occurs, cell-to-cell spread en-
ables passage of virions directly from axonal termini into adjacent
epithelial cells, enabling HSV-1 to evade neutralizing antibodies from
the host response (Kramer and Enquist, 2013; Smith, 2012).

Although they are distinct mechanisms, cell-free and cell-to-cell
spread require some of the same proteins. The cell-free entry process
begins when glycoprotein D (gD) binds to one of its host receptors,
nectin-1, HVEM, or 3-O-HS (Geraghty et al., 1998; Krummenacher

et al., 1998; Shukla et al., 1999; Whitbeck et al., 1997). This binding
event alters the conformation of gD, which transmits a signal through
heterodimer gH/gL to the viral fusogen, gB (Atanasiu et al., 2010;
Subramanian and Geraghty, 2007). Once triggered, gB facilitates fusion
of the viral envelope with the host cell, either at the plasma membrane
or within an endocytic vesicle (Cooper and Heldwein, 2015). Detailed
analyses of how these four glycoproteins (termed the “fusion ma-
chinery”) facilitate fusion have been possible with a transfection assay
in which co-expression of gD, gH/gL, and gB stimulates extensive cell
fusion to produce multinucleated cells, which are also known as syn-
cytia (Turner et al., 1998). While the fusion machinery by itself is
highly fusogenic, cells infected with the wild-type virus do not exhibit
syncytia, indicating that other viral proteins keep the machinery under
tight control.

Cell-to-cell spread also requires the fusion machinery (Cheshenko
and Herold, 2002) and is tightly regulated to prevent syncytia forma-
tion while the viral fusion machinery accumulates at cell junctions.
However, alterations to any one of four specific viral proteins or at least
one host protein can dysregulate the fusion machinery. In the case of
viral Syn mutants, which frequently arise in cell culture (Ambrosini and
Enquist, 2015; Wheeler, 1960), the majority map to the cytoplasmic tail
of gB (Bond and Person, 1984; Gage et al, 1993) and to gK, a
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glycoprotein involved in virion envelopment (Dolter et al., 1994;
Hutchinson et al., 1992; Pogue-Geile et al., 1984); however, syncytial
alterations also occur in UL20 (Melancon et al., 2004), a membrane
protein and binding partner of gK, and in UL24, a cytoplasmic protein
(Sanders et al., 1982). Independent of viral mutations, syncytia for-
mation also can be induced with wild-type HSV-1 by treating the in-
fected cells with salubrinal (Bryant et al., 2008). Although the target of
this drug is unknown, inhibitors of protein tyrosine phosphatase 1B
(PTP1B) block salubrinal-induced cell fusion and cell-to-cell spread,
suggesting that the viral machinery is regulated by phosphorylation
(Carmichael et al., 2018).

Cell-to-cell spread and syncytia formation both require additional
viral proteins. For instance, when glycoprotein E (gE) is absent, virus
production is not affected, but cell-to-cell spread is blocked, and the
virus is limited to cell-free spread (Neidhardt et al., 1987). In cell cul-
tures, this loss results in small plaques (Balan et al., 1994; Polcicova
et al., 2005), and in animal models, there is a failure to establish latency
in neurons (Dingwell et al., 1994, 1995; McGraw and Friedman, 2009;
Saldanha et al., 2000). Within the context of gBsyn variants, elimina-
tion of gE results in a mutant that can no longer cause cell fusion
(Chatterjee et al., 1989; Davis-Poynter et al., 1994). This is also the case
for gBsyn mutants that lack any one of the three tegument proteins that
assemble on the cytoplasmic tail of gE, namely UL11, UL16, and UL21
(Han et al., 2011, 2012; Yeh et al., 2011).

The experiments described here began with studies of an HSV-1
mutant that lacks tegument protein UL16 (Starkey et al., 2014). In
subsequent studies of this null mutant, we were surprised to find it was
greatly diminished in its ability to package gD. This raised the possi-
bility that UL16 and its binding partners might control the Syn phe-
notype of gBsyn mutants by binding to the cytoplasmic tail of a gly-
coprotein other than gE. While our findings argue against that
hypothesis, they revealed a patch of membrane-proximal basic residues
in the cytoplasmic tail of gD that is not required for virus entry but is
critically important for both the gBsyn phenotype and cell-to-cell
spread.

2. Results
2.1. Diminished incorporation of gD into virions in the absence of UL16

While analyzing our UL16-null virus (AUL16) (Starkey et al., 2014),
we unexpectedly found that packaging of gD was greatly reduced, even
though its cellular expression level was only modestly affected (Fig. 1).
As expected, the previously reported defect in expression and packaging
of UL11 (Starkey et al., 2014), a well-known binding partner of UL16
(Loomis et al., 2003), was also observed. Although non-detectable with
a conventional western blot, at least a few copies of gD must have been
packaged into AUL16 virions because this glycoprotein is absolutely
required for virus entry (Johnson and Ligas, 1988; Ligas and Johnson,
1988), and mutant AUL16 is replication competent (Starkey et al.,
2014). Furthermore, the reduction in gD packaging was not due to
unexpected alterations elsewhere in the viral genome, because wild-
type gD levels were restored by inserting the U;16 gene back in its
normal position (AUL16. R) or in the place of the Up35 gene
(AUL16.Rev35) (Fig. 1), which encodes a minor capsid protein not re-
quired for viral replication in cell culture (Desai et al., 1998). These
findings suggested the possibility that gD and UL16 might interact.

2.2. UL16 directly binds to the cytoplasmic tail of gD

To test whether UL16 interacts with the tail of gD, three experi-
ments were done. First, the cytoplasmic tail of gD (gD.CT) was ex-
pressed as a GST fusion protein (GST-gD.CT), purified with glutathione
beads, and incubated with lysates of cells infected with wild-type HSV-1
or mutants lacking UL11 or UL16. The previously described fusion
proteins GST-UL11(1-50) and GST-gE.CT (containing the cytoplasmic
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Fig. 1. UL16 is critical for gD packaging. Vero cells were infected with WT,
UL16-null mutant, or repaired (AUL16.R or AUL16.Rev35) viruses at an MOI of
1. At 24h post infection, extracellular virions in the media were pelleted
through a 30% sucrose cushion, and the collected cells were lysed with SDS-
PAGE loading buffer. Samples were analyzed by western blotting with anti-
bodies specific for the indicated viral proteins.

tail of gE) were used as positive controls, both of which directly bind to
UL16 (Han et al., 2011; Yeh et al., 2008). GST-gD.CT was able to pull
down UL16 from virus-infected cells; however, unlike GST-UL11(1-50),
this interaction was much more efficient at 37 °C (Fig. 2A). The pull-
down was not dependent on UL11, and GST alone did not pull down
UL16, even at 37 °C.

In the second experiment, we tested whether the gD-UL16 interac-
tion requires the presence of other viral proteins. For this, Vero cells
were transfected with plasmids encoding UL16-GFP or free GFP. At 24 h
post transfection, cell lysates were prepared and incubated with GST-
gD.CT beads. Again, UL16-GFP, but not GFP, was readily pulled down
at 37 °C (Fig. 2B), but not at RT (data not shown), suggesting that the
interaction is independent of other viral factors, as is the case for
binding of UL16 to UL11 and gE (Fig. 2B) (Yeh et al., 2011, 2008).

In the third experiment, we tested whether the gD-UL16 interaction
requires any eukaryotic factors by producing these proteins in bacteria
for an in vitro binding assay. A His¢-tagged UL16 was purified as de-
scribed previously (Yeh et al., 2008), and increasing amounts were
incubated with GST-gD.CT beads for 2h at 37 °C. The GST protein
served as a negative control. As expected, GST alone did not bind to
UL16 (Fig. 2C). In contrast, GST-gD.CT was able to pull down Hise-
UL16 in a dose-dependent manner (Fig. 2C). These data demonstrate
that UL16 can bind directly with the tail of gD without assistance from
any eukaryotic host factors.

2.3. Regulated interaction between UL16 and gD

We next asked whether UL16 and gD associate when they are co-
expressed in Vero cells. To visualize the subcellular location of gD, an
HA epitope tag was fused to its C-terminus, and this construct was co-
expressed with UL16-GFP (Fig. 3A). In contrast to the efficient inter-
actions seen with the in vitro assays, there was only partial colocaliza-
tion between the two proteins in this assay with most of the UL16-GFP
remaining in the nucleus (Fig. 3A, row 2). This was not surprising be-
cause we have previously shown that the C-terminal domain (CTD) of
UL16 (residues 156-373) negatively regulates the ability of the N-
terminal domain (NTD; residues 1-155) to bind to gE, UL11, and VP22
(Chadha et al., 2012; Starkey et al., 2014; Yeh et al., 2011). To test
whether this is also true for the gD-UL16 interaction, gD.HA was
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Fig. 2. UL16 interacts with the cytoplasmic tail of gD. (A)
Vero cells were infected with WT, AUL11, or AUL16
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coexpressed with UL16 NTD-GFP or UL16 CTD-GFP, which by them-
selves are strongly localized to the nucleus (Fig. 3A, top row). When
coexpressed with gD.HA, the CTD did not respond (row 3); however,
the NTD was dramatically and completely relocalized to the cytoplasm
(row 4).

The NTD interaction was also observed when GST-gD.CT was used
in a pull-down assay with purified Hiss-UL16(1-155) at 37 °C, and the
efficiency was similar to that for GST-gE.CT and GST-UL11 (Fig. 3B).
Moreover, treatment of Hisg-UL16(1-155) with N-ethylmaleimide
(NEM), a small chemical that covalently modifies free cysteines, did not
affect the pull-down, unlike the interaction of UL16 with UL11 (Yeh
et al., 2008). This suggests that the five cysteines in the UL16 NTD are
not involved, and the site in UL16 that binds to gD is distinct from that
used for UL11 binding.

2.4. The UL16-gD interaction is not critical for the gBsyn phenotype

Since UL16 is known to be required for gBsyn-mediated cell fusion
(Han et al., 2012), we asked whether its binding to gD is also important
for this phenotype. If it is, then gD-tail mutants that are unable to bind
UL16 should be non-fusogenic, even in the presence of a gBsyn muta-
tion. To test this, gD-tail truncations were built into a virus containing
the gB.A855V syn mutation. The first mutant, ACT (Fig. 4), lacks the
entire cytoplasmic tail (residues Hzes-Y394) as the result of a stop codon
inserted in place of Msg,. While the parental gBsyn virus produced
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viruses. At 24 h post infection, cell lysates were prepared
and incubated with the purified fusion proteins GST-
UL11(1-50), GST-gD.CT, or GST-only, as indicated on the
top panel, and a Ponceau stain for total protein was per-
formed. After 5h of incubation at room temperature or at
37 °C, the beads were washed, boiled in sample buffer, and
the proteins were analyzed by western blotting with an
antibody specific for UL16. (B) Vero cells were transfected
with expression plasmids for UL16-GFP or GFP-only. At
18-24 h post transfection, cell lysates were prepared and
incubated with the purified fusion proteins GST-
UL11(1-50), GST-gE.CT, GST-gD.CT, or GST-only, as in-
dicated on the top panel, and a Ponceau stain for total
protein was performed. After incubation, the beads were
processed as in (A) and an antibody specific for GFP was
used. (C) Increasing amounts of purified Hiss-UL16 pro-
duced in E. coli was incubated with GST-gD.CT, GST-
gE.CT, or GST-only bound to glutathione-sepharose beads
in 0.5% NP-40 buffer at 37 °C. After incubation, the beads
were processed as in (A), a Ponceau stain for total protein
was performed, and an antibody specific for the His tag
was used to probe the western blot.

N
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extensive, large syncytia in infected Vero cells, the ACT/syn virus
produced only small, lytic plaques (Fig. 5A). The mutant virions still
packaged and retained the truncated form of gD, even though there
were no charged residues adjacent to the transmembrane sequence
(Fig. 5B, right panel), and the gBsyn phenotype was restored when the
tail was repaired (Fig. 5A, ACT.R/syn). Thus, it seemed possible that
UL16 binding might be required for cell fusion.

To delineate the region required for the gBsyn phenotype, addi-
tional gD-tail truncations were examined. Mutant M5/syn has a stop
codon in place of residue P35 (Fig. 4) and remained syncytial (data not
shown), as did the even shorter M6/syn mutant (Fig. 5A), which retains
only the membrane-proximal HRR residues (Fig. 4). Moreover, the
amount of gD packaged into M6/syn virions was about the same as for
mutant ACT/syn, which is not syncytial (Fig. 5B, right panel), sug-
gesting that the additional MHRR sequence is simply needed for cell
fusion. However, compared to the gBsyn parent and mutant M6/syn,
ACT/syn was greatly impaired in its ability to replicate and spread
when Vero cells were infected at a low MOI (Fig. 5C).

To assay for UL16 binding, the tails of M5 (MHRRTRKA) and M6
(MHRR) were fused to GST and purified for pull-down assays. Binding
of Hisg-UL16 was greatly diminished for the M5 construct and un-
detectable with the M6 construct (Fig. 5D). Since the gBsyn viruses
expressing these shortened gD tails remain syncytial, it appears that the
gD-UL16 interaction is not required, in contrast to what was found for
gBsyn mutants lacking the tail of gE (Han et al., 2012). However, it
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remains possible that the gD-UL16 interaction is needed for some other
event (e.g., perhaps in vivo).

Because gD packaging was undetectable by conventional western
blotting in the absence of UL16 (Fig. 1), we wondered whether the
reverse was true. Analyses of mutants ACT/syn and M6/syn showed
normal amounts of UL16 in the extracellular virions (Fig. 5B, right
panel), although in this particular experiment, a loading error for the
wild type can be seen by the presence of a reduced amount of VP5, the
major capsid protein. Nevertheless, it is clear that packaging of UL16
does not require its interaction with gD, and previous studies have re-
vealed other binding partners upon which UL16 is highly dependent
(Meckes et al., 2010). Other examples of nonreciprocal packaging have
been found among interacting tegument proteins and glycoproteins. For
example, gE packaging is greatly reduced when binding partner VP22 is
absent, but when the tail of gE is absent, this tegument protein is still

UL16 CTD-GFP
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Fig. 3. A regulated interaction between UL16 and the gD
cytoplasmic tail. (A) Vero cells were singly transfected
(top row) with plasmids that express full-length UL16-
GFP, UL16 NTD-GFP, or UL16 CTD-GFP. Additionally,
each of these constructs were co-expressed with gD-HA
(bottom three rows). Cells were fixed, permeabilized, and
stained with a monoclonal antibody against the HA tag at
one day post-transfection. (B) Purified Hiss-UL16(1-155)
protein was incubated with the indicated GST-fusion pro-
teins either in the presence or absence of NEM bound to
glutathione-sepharose beads in 0.5% NP-40 buffer at
37°C. The beads were then washed, boiled in sample
buffer, and the proteins were analyzed by western blot-
ting.

His,-UL16(1-155)

packaged to normal levels (O'Regan et al., 2010; Starkey et al., 2014).

2.5. Importance of basic residues in the gD tail for the gBsyn phenotype

Based on the properties of mutants ACT/syn and M6/syn, we hy-
pothesized that the MHRR sequence is important for the gBsyn phe-
notype and virus spreading. To further test this, we constructed addi-
tional cytoplasmic tail mutants in the gBsyn background and measured
their plaque sizes and fusogenic activity. Deletion of the HRR residues
from M6/syn (mutant M7/syn, Fig. 4) reduced plaque size by 90%
(Fig. 6A) and caused a loss of the gBsyn phenotype (Fig. 6B), as was
seen for the ACT/syn mutant. Reinsertion of the complete tail sequence
(M7.R/syn) resulted in normal sized plaques (Fig. 6A) and syncytia
formation (not shown). Mutants M5/syn and M6/syn also had reduced
plaque sizes, but the defects were not as severe as for M7/syn (Fig. 6A).
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Construction of gD tail mutants in the HSV.gBsyn background
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Fig. 4. Mutants of the gD tail used in this study. The wild-
type sequence of the gD tail is underlined with basic re-
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sidues indicated with pink text and the transmembrane
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If the HRR sequence is critical, then its removal from an otherwise
full-length gD might be expected to eliminate the gBsyn phenotype, and
to test this, we constructed mutant AHRR/syn and a repaired virus
AHRR.R/syn (Fig. 4). The HRR deletion had no effect on plaque size
(Fig. 6C) or virus-mediated cell fusion (Fig. 6B). However, a closer
examination of the tail sequence revealed seven additional, down-
stream basic residues (Fig. 4; R369, K370, K373, R374, R376, H380,
and R381). Since the AHRR/syn virus is fully fusion competent, we
considered the possibility that these downstream basic residues can be
moved up to compensate for the missing HRR residues. To test this,
three mutants were constructed that altered the five closest basic re-
sidues: a same-charge mutant (AHRR.KRRKK/syn), an opposite-charge
mutant (AHRR.DEDED/syn), and a mutant with uncharged residues
(AHRR.GSGSS/syn) (Fig. 4). As anticipated, the same-charge substitu-
tion mutant (KRRKK) remained fully fusogenic, but substitutions
DEDED and GSGSS completely blocked syncytia formation (Fig. 6B).
These results suggest that having basic residues close to the trans-
membrane region of gD is critical for the gBsyn phenotype.

We also made substitutions within the HRR motif without altering
the length of gD (Fig. 4). As predicted, a mutant with a same-charge
substitution, KKK/syn, was like the gBsyn parent with regard to syn-
cytia formation (Fig. 6B) and plaque size (Fig. 6C), but a reversal-of-
charge mutant, DED/syn, was unable to fuse cells (Fig. 6B) and pro-
duced tiny plaques (Fig. 6C), similar to deletion mutants M7/syn and
ACT/syn. These properties were not due to unintended mutations in
other genes as a repaired virus (DED.R/syn) behaved like the gBsyn
parent (Fig. 6C). In contrast, two mutants with uncharged amino acids
in place of HRR, AAA/syn and GSG/syn, produced plaques of inter-
mediate size (Fig. 6C) and were still able to fuse cells, albeit at reduced
levels (Fig. 6B). Thus, it appears that nearby basic residues can serve in
the place of HRR to some degree unless membrane-proximal negative

68

VAWMHRRTRKAPKRIRLPHIREDDQPSSHQPLFY
VEFWMHRRTRKAPKRIRLPHIREDDQPSSHQPLFY

charges are present.

In the course of these studies, we noticed that the sequence up-
stream of HRR contains a potential cholesterol recognition consensus
(CRAC) motif: (L/V)-X1-5-(Y)-X1-5-(K/R) (Fantini et al., 2016). These
are typically located at transmembrane-cytoplasm interfaces, and in gD,
the sequence is LVICGIVYWMHRR. Evidence against this motif being
important was provided by mutants AAA/syn and GSG/syn, which were
syncytial even though the spacing between Y362 and the downstream
basic residue had been altered to be one residue longer than specified
by the CRAC motif (Fig. 6B). Nevertheless, we constructed two addi-
tional mutants in the gBsyn virus in which the invariant tyrosine (Y362)
was changed to alanine or phenylalanine (Fig. 4). Both mutants were
able to induce cell-cell fusion (Fig. 6D), clearly demonstrating that the
CRAC motif is not required for the gBsyn phenotype.

2.6. Importance of membrane-proximal basic residues for virus replication
and spread

Because mutants M7/syn and DED/syn produced very small plaques
like those of mutant ACT/syn, the yields of infectious virions for these
three mutants were compared relative to the gBsyn parent. For this,
cells were infected at a low MOI (0.1), and the infection was allowed to
spread for 30h, after which the titers of cell-associated and extra-
cellular viruses were measured (Table 1). Although the total yields for
M7/syn and DED/syn were not reduced as severely as for mutant ACT/
syn, they were still nearly a log lower than those of the parent virus.
However, all three gD mutants were similar in that a greater percentage
of the total infectivity was cell-associated compared to the parent. This
suggests that the mutants have a virion egress defect, which would
reduce the ability of the infection to spread through the culture as fast
as the parent and result in lower virus yields. To test this hypothesis, the
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Fig. 5. The UL16-gD interaction is not critical for the gBsyn phenotype. (A) Cells were infected with gBsyn, M6/syn, ACT/syn, or ACT.R/syn at a low MOI. Images
were taken with an inverted light microscope at 2-3 days post infection. (B) Vero cells were infected with the indicated viruses at an MOI of 1. At 24 h post infection,
extracellular virions in the media were pelleted through a 30% sucrose cushion and the cells were collected. Samples were analyzed by western blotting. (C)
Duplicate cultures of Vero cells were infected with the indicated viruses at an MOI of 0.1. The media containing extracellular virions was collected, and the infected
cells were harvested and processed separately at 6-h time points. Infectious virus was titered by plaque assay. (D) Purified Hiss-UL16 was incubated in 0.5% NP-40
buffer at 37 °C for 5h with glutathione-sepharose beads bearing GST fusion proteins with the entire tail of gD or truncated sections of the tail. GST-UL11 and GST
alone served as respective positive and negative controls. After incubation, the beads were washed, boiled in sample buffer, and the presence of bound Hiss-UL16 was

analyzed by western blotting.

replication of mutants M7/syn and DED/syn were examined in a high
MOI experiment so as to remove the compounding effects of virus
spreading (Fig. 7A). Both of the mutants were similar to the parent in
regard to their levels of cell-associated virus, but infectious virus was
slower to be released into the medium and never reached the level of
gBsyn (Fig. 7A). Thus, the small-plaque and non-syncytial phenotypes
of M7/syn and DED/syn are not due to reduced virion production but
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more likely result from a defect in cell-to-cell spread.

In the most common in vitro assay for measuring cell-to-cell spread,
only a few infectious virions are added to a monolayer so that in-
dividual plaques can be observed and measured. After the initial in-
fection, strongly neutralizing antibodies are added to the growth
medium to prevent cell-free spread. Mutants that are defective for cell-
to-cell spread will therefore produce smaller plaques compared to
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Fig. 6. Membrane-proximal gD basic residues are important for the gBsyn
phenotype and plaque size. (A) Vero cells were infected at a low MOI with the
indicated gD mutants. After infection, the cells were rinsed, overlaid with
methylcellulose, and incubated at 37 °C. At 4 days post infection, the cells were
fixed and stained with crystal violet. The plates were imaged, and the areas of
20 representative plaques for each virus were measured using ImageJ. Plaque
size is plotted as normalized to gBsyn. (B) Vero cells were infected with the
indicated viruses at a low MOI. Images were taken at 2-3 days post infection
with an inverted light microscope. (C) Vero cells were infected with the in-
dicated gD mutants and analyzed as described in (A). (D) Vero cells were in-
fected with gD.Y362A/syn or gD.Y362F/syn. Images of individual syncytia
were taken 24 h post infection.

Table 1
Viral yields® after low MOI” infection.

Viral pfu/ml (% of Total)

Virus Intracellular Media Total
gBsyn 4 x 107 (82%) 8.5 x 10° (18%) 4.85 x 107
ACT/syn 2 x 10° (97%) 5.75 x 10* (3%) 2.06 x 10°
M7/syn 5.38 x 10° (94%) 3.25 x 10° (6%) 5.7 x 10°
DED/syn 5.75 x 10° (94%) 3.25 x 10° (6%) 6.1 x 10°

@ Virus harvested at 30 h post infection.
® MOI of 0.1.

spreading competent controls.

Although mutants M7/syn and DED/syn are not syncytial and ex-
hibited dramatic cell-to-cell spreading defects in the presence of neu-
tralizing antibodies (not shown), two new viruses were made, M7 and
DED, which have the same changes to gD but lack the syn mutation. In a
high MOI replication assay, mutants M7 and DED produced slightly less
intracellular virus than WT, with a clear delay for the DED virus, and as
expected, the amount of extracellular virus was markedly reduced by
1-2 logs (Fig. 7B). When these viruses were used in the cell-to-cell
spreading assay, both exhibited severe spreading defects as visualized
by immunostaining for VP5 (the major capsid protein) (Fig. 7C). In fact,
the plaques formed by M7 and DED were only 15% percent the size of
WT plaques (Fig. 7D). These results are consistent with the findings of a
previous study (Arii et al., 2016), which showed a 50% reduction in
plaque size. However, the results shown here are far more dramatic
because the basic residues downstream of HRR cannot contribute to
spread.

2.7. Basic residues in gD are differentially required for gBsyn, gKsyn, and
salubrinal-induced fusion

Because gD is part of the essential fusion machinery, we hypothe-
sized that its basic residues would be required for gKsyn-induced syn-
cytia, just as they are for gBsyn. However, we were not confident in this
prediction because recent studies have shown that the Syn phenotypes
of HSV-1 are more complex than previously thought. For example, te-
gument protein UL21 has been found to be essential for the gBsyn
phenotype but dispensable for gKsyn (Sarfo et al., 2017). To test our
hypothesis, the M7 and DED mutations were combined with the long
studied gKsyn mutation A40V (Debroy et al., 1985). Strikingly, both
M7/gKsyn and DED/gKsyn were still able to fuse cells (Fig. 8A), al-
though the syncytia formed by these viruses were 60% smaller than
those of gKsyn (Fig. 8B). Thus, it appears that while these basic residues
are not required for the gKsyn phenotype, virus spreading is still re-
stricted in the M7/gKsyn and DED/gKsyn mutants.

Robust syncytia formation also occurs when cells infected with wild-
type HSV-1 are treated with salubrinal (Boyce et al., 2005; Bryant et al.,
2008). Although the target of this drug is not know, the mechanism of
cell fusion requires UL16 and the cytoplasmic tail of gE (Carmichael
et al., 2018). Because those viral proteins are required for the gBsyn
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Fig. 7. gD basic residues involvement in viral replication and cell-to-cell spread. (A) Vero cells were infected with gBsyn, M7/syn, or DED/syn viruses at an MOI of 5
for 1 h. After infection, media and cell lysate were harvested separately in 6-h time increments, and samples were analyzed via plaque assay. (B) A single-step growth
curve with the same experimental setup as described in (A) was performed for the WT, M7, and DED viruses containing no Syn mutations. (C) Vero cells were infected
with WT, M7, or DED a low MOI (0.001) for 1 h. After infection, cells were incubated in DMEM containing 5 mg/ml pooled human IgG. At 48 h post infection, cells
were fixed, stained for VP5, and plaques were imaged with a fluorescent microscope. Scale bar is 50 um. (D) Quantitation of the experiment performed in (C) using
Olympus cellSens software. Two independent experiments were performed, 10-15 plaques per sample were measured per experiment, and a Student T-test was

performed (*** P < 0.001).

phenotype, along with the HRR motif of gD, we hypothesized that sa-
lubrinal would not stimulate fusion of cells infected with the M7 or DED
viruses. To test this, M7 or DED-infected cells were treated with salu-
brinal and examined 18 h later for syncytia formation via a previously
described flow cytometry assay (Carmichael et al., 2018). In contrast to
WT-infected cells, essentially no fusion was observed in cells infected
with the gD mutants (Fig. 8C).

3. Discussion

Glycoprotein D is a key player for multiple events during HSV-1
infection, including virus entry, capsid envelopment, virus-induced cell
fusion, and cell-to-cell spread (Arii et al., 2016; Davis-Poynter et al.,
1994; Johnson and Ligas, 1988; Johnson et al., 2011; Lee et al., 2009;
Ligas and Johnson, 1988). Most studies of the molecular functions of gD
have centered on its extracellular domain, which consists of a large
receptor-binding region and a short, proline-rich region that is critical
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for fusion of the virus envelope with the cell membrane (Fusco et al.,
2005; Heldwein and Krummenacher, 2008; Spear et al., 2006). In fact, a
soluble form of the gD extracellular domain is sufficient to induce cell
fusion when added to cells expressing gB and gH/gL (Atanasiu et al.,
2010). This soluble fragment can also rescue the infectivity of a gD-null
mutant (Cocchi et al., 2004; Tsvitov et al., 2007), as can a chimera in
which the soluble form is attached to the transmembrane domain and
cytoplasmic tail from CD8 (Browne et al., 2003). Consistent with this,
several studies found that removing most of the gD tail did not drasti-
cally lower virus infectivity (Farnsworth et al., 2003; Feenstra et al.,
1990; Lee et al., 2009). The experiments described here show that the
tail does contain an important function.

3.1. Why is gD packaging reduced in the absence of UL16?

This study began with the observation that tegument protein UL16
is critically important for the packaging of gD. We found that UL16
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binds directly to the cytoplasmic tail of gD at 37 °C, but not at RT,
which is reminiscent of the temperature-dependent interaction between
VP16 and the cytoplasmic tail of gH (Gross et al., 2003). However,
UL16 was still packaged to WT levels when the cytoplasmic tail of gD
was removed. This nonreciprocal packaging dependence exhibited is
likely a consequence of the complex structure of the tegument. When
UL16 is absent, there is a well-documented massive collapse of the
protein interaction network in which it resides. For example, it has been
shown that gE, UL11, UL21, and VP22 also fail to be packaged in UL16-
null virions (Starkey et al., 2014). We hypothesize that the tail of gD is
not a critical part of that interaction network and thus, it is not dis-
turbed when the tail is absent. However, the UL16 interaction network
appears to be highly important for the proper packaging of gD. More-
over, because UL16 is bound to capsids in extracellular virions (Meckes
and Wills, 2007, 2008), it may be that the interaction is important for
both the packaging and the positioning of gD within the virion.

The cytoplasmic tail of gD also binds to tegument protein VP22 (Chi
et al., 2005). However, the properties of mutant M6/syn demonstrate
that this interaction is not important for the gBsyn phenotype or cell-to-
cell spread because the binding site for VP22 occurs downstream of the
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Fig. 8. Differential requirements for basic residues for
gKsyn and salubrinal-induced fusion. (A) Vero cells were
infected with gKsyn, M7/gKsyn, or DED/gKsyn at a low
MOI (0.001) for 1h and incubated in infection media. At
48h post infection, individual syncytia were imaged. (B)
Quantitative data from the experiment in (A). The areas
for 10-12 individual syncytia per virus were measured and
plotted around the normalized mean for each virus and a
Student T was performed (**** P < 0.0001) (C) Vero
cells were infected with WT, M7, or DED at an MOI of 3
and were incubated in 50 uM salubrinal. At 18 h post in-
fection, samples were harvested an analyzed via flow cy-
tometry. This experiment was done 3 times and the % free
nuclei represents a measure of total cell fusion. Statistical
analysis was done by a Student T test (*** P < 0.001).

HRR motif (Chi et al., 2005). The same is true for the UL16-gD inter-
action. Nevertheless, it is possible that the VP22 and UL16 interactions
with gD are important during an in vivo infection.

Since some of the gD mutants described in this study have replica-
tion defects, we were initially concerned that low virus yields might
account for the loss of gBsyn-mediated fusion. This is particularly
worrisome for Syn mutants that lack UL11 and have replication defects
of 100-1000 fold (Fulmer et al., 2007; Han et al., 2011, 2012; Kim
et al., 2013; Leege et al., 2009). However, virus replication experiments
showed that two of our mutants, M7/gBsyn and DED/gBsyn, clearly do
not have severe viral replication defects, and the resulting loss of the
gBsyn phenotype is therefore not related to replication. To our
knowledge, this is the first evidence of a function within gD that is
required for syncytia formation and cell-to-cell spread but not for virus
entry. Even more strikingly, another a-herpesvirus, pseudorabies virus,
absolutely requires gD for entry, but this glycoprotein is completely
dispensable for cell-to-cell spread (Ch'ng et al., 2007; Hanssens et al.,
1995).
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3.2. What is the role of the membrane-proximal basic residues of gD?

Our experiments have ruled out two potential roles for the basic
residues in the tail of gD. First, the virion packaging data for mutants
M7 and ACT show that no part of the tail is needed for retention of gD in
the viral envelope. Indeed, mutant M7 replicates similar to wild-type
virus except for its inability to spread cell-to-cell. Second, our studies
show that the putative cholesterol-binding motif that overlaps HRR is
not essential for the gBsyn phenotype and cell-to-cell spread. However,
our results do not rule out a role for cholesterol because five other viral
membrane proteins—gM, gK, UL20, UL43, and UL56—contain choles-
terol binding motifs at their transmembrane-cytoplasm interfaces. Thus,
it is possible that those proteins can bind cholesterol to compensate for
loss of the gD motif. The potential role of cholesterol-protein binding in
HSV-1 infections warrants further investigation.

Another possibility is that the basic residues enable proper locali-
zation of gD within regions containing negatively-charged phospholi-
pids. If this were true, then gD would be mislocalized in the absence of
these residues and therefore unable to work in conjunction with other
viral proteins such as gE or gM, which are known to function at the cell
surface or cellular junctions (El Kasmi and Lippé, 2015; Wisner and
Johnson, 2004). Even if gD mutants are at the plasma membrane, they
could be localized to the wrong microdomain. This remains to be ex-
plored.

Basic residues could also influence the conformation of the extra-
cellular domain of gD in a manner that is critical for cell-to-cell spread
and the gBsyn phenotype, but not for receptor binding and virus in-
fectivity. In support of this, replacing the gD tail with that of the PRV
homolog reduced binding of polyclonal antiserum R7 to the gD ecto-
domain by 35% (Zago et al., 2004). Within the first 12 residues of these
two cytoplasmic tails, there are eight basic residues in HSV-1 (HRRT-
RKAPKRIR) but PRV only has three (RGAKGYRLLGGP). It would be
interesting to determine if the PRV tail would support the gBsyn phe-
notype and whether insertion of additional basic residues into the PRV
tail would restore binding of R7 antibodies.

Finally, the membrane-proximal basic residues of gD could be in-
volved in membrane deformation. In support of this, during the course
of our study, it was reported that wild-type gD will induce the forma-
tion of microvillus-like projections from the plasma membrane of
transfected cells (Arii et al., 2016). A mutant in which the cluster of
membrane-proximal basic residues was replaced with alanines was
limited in its ability to induce these projections. Furthermore, when
examined in a viral infection, this gD mutant exhibited a 50% reduction
in plaque size in the presence of neutralizing antibodies (Arii et al.,
2016), indicating a moderate cell-to-cell spread defect. Since our gD
mutants either eliminated the tail (M7) or replaced the basic residues
with oppositely-charged residues (DED), it is not surprising that we see
a considerably stronger cell-to-cell spread defect.

3.3. Differing requirements for the cytoplasmic tail of gD for the induction of
syncytia

Syncytia formation can be induced by multiple ways in HSV-1 in-
fected cells. The most well known mechanisms involve mutants that are
altered within one of the four syn loci, which correspond to the genes
for gB, gK, UL20, and UL24. Studies of Syn variants have provided clues
to the machinery that regulates the fusion machinery during infection.
For instance, studies of Syn variants have identified viral proteins gE/
gl, gM/gN, UL45, UL11, UL16, UL21 as being fusion regulators (Davis-
Poynter et al., 1994; El Kasmi and Lippé, 2015; Haanes et al., 1994; Han
et al., 2012; Kim et al., 2013). However, the mechanisms became more
complicated when it was discovered that gBsyn variants require tegu-
ment protein UL21 for fusion, but gKsyn, UL20syn, and UL24syn var-
iants do not (Sarfo et al., 2017). Adding to this complexity, the ex-
periments described here show that the membrane-proximal basic
residues of gD are needed for the gBsyn phenotype but not that of
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gKsyn.

Cells infected with HSV-1 can also be induced to fuse by the addi-
tion of the small molecule drug named salubrinal (Bryant et al., 2008).
The experiments described here demonstrate that the membrane-
proximal residues of gD are critical for the mechanism of salubrinal-
induced fusion. Salubrinal has complex effects on cells infected with
Syn variants, with gBsyn-infected cells being further stimulated to fuse
while gKsyn-infected cells cannot fuse in response to this drug
(Carmichael et al., 2018). These results clearly indicate that the mole-
cular mechanism driving the gKsyn phenotype differs from that of
gBsyn. Whether the fusion complex formed in gBsyn variants is dif-
ferent from that in gKsyn variants, or the same fusion complex is
temporally regulated at different steps remains to be seen. Overall, this
study reveals a new role for the membrane proximal basic residues in
the tail of gD for regulating the fusion machinery during cell-to-cell
spread and syncytia formation.

4. Materials and methods
4.1. Cells, virus strains, and antibodies

Vero cells were maintained in Dulbecco's modified Eagle's medium
(DMEM; Gibco) supplemented with 5% fetal bovine serum (FBS) and
5% fetal calf serum (FCS), penicillin, and streptomycin (131 pg/ml). All
viruses were derived from the HSV-1 KOS strain, the genome of which
has been cloned into a bacterial artificial chromosome (BAC), which we
received from David Leib (Dartmouth) (Gierasch et al., 2006). For in-
fection assays, Vero cells were grown in DMEM supplemented with 1%
FBS, 25mM HEPES buffer, glutamine (0.3 pg/ml), penicillin, and
streptomycin.

Rabbit anti-GFP serum was raised against Hiss-GFP, which re-
cognizes both GFP and the Hisgtag. UL16 antibodies were raised in
rabbits against GST-UL16. Rabbit anti-UL11 serum was raised against
GST-UL11. The polyclonal antibody against gE is a generous gift from
Harvey M. Friedman (University of Pennsylvania). Rabbit antibodies to
VPS5 and VP22 were provided by Richard Courtney (Pennsylvania State
University College of Medicine). The mouse monoclonal antibody to gD
(1D3) was a gift from Gary Cohen and Roselyn Eisenberg (University of
Pennsylvania).

4.2. Plasmids

Mammalian expression plasmids for UL16-GFP, UL16(1-155)-GFP
and UL16 CTD-GFP have been described elsewhere (Chadha et al.,
2012; Yeh et al., 2011). The plasmid for gD.HA was created by adding a
HA epitope tag to the C-terminus of gD. All HSV genes in these plasmids
are under control of the CMV promoter in the vector pEGFP-N2. The
plasmids expressing GST-UL11.1-50, GST-gD.CT, and GST-UL11 were
constructed based on the expression vector pGEX-4T-3. The re-
combinant plasmids pGST-gD.M6 and pGST-gD.M5 were generated by
cloning the corresponding gD coding regions (gD.M6: MHRR; gD.M5:
MHRRTRKA) in frame with GST sequence into pGEX- 4T-3. The en-
gineering of Hisg-UL16 and Hisg-UL16 (1-155) into the vector pET-28a
has been documented previously (Yeh et al., 2011).

4.3. Purification of GST or Hise-tagged fusion proteins

The detailed protocol for protein purification has been described
previously (Yeh et al., 2008). Briefly, bacterial strain BL21 codon plus
carrying plasmids for GST or Hise-tagged fusion proteins were cultured
at 37 °C in the culture media 2xYT. When OD600 reached 0.6-0.8,
protein expression was induced for 3h by adding IPTG to a final con-
centration of 0.1 mM. The cells were pelleted at 4 °C, suspended in PBS
with protease inhibitor cocktail (P3584, sigma), sonicated, and lysed
for 30 min on ice with 1% Triton X-100. The lysate was cleared and the
supernatants were incubated with glutathione sepharose 4B beads (GE
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Healthcare) or nickel beads at room temperature for 1 h. For GST fusion
proteins, the beads were washed 3 times with PBS for 10 min each, and
then suspended in PBS. For His-tagged proteins, the beads were washed
once with PBS, once with binding buffer, and once with wash buffer.
The proteins were eluted with 1 ml elution buffer at room temperature
for 3h.

4.4. GST pull-down assays

To analyze the interaction of UL16 with gD from virus-infected cells,
Vero cells were infected with wild-type HSV, UL16 or UL11-null virus at
an MOI of 5. To analyze the UL16-gD interaction from transfected cells,
Vero cells were transfected with the plasmids carrying UL16-GFP or
GFP by Lipofectamine 2000 (Invitrogen) according to the manufacture's
protocol. At 18-24 h post infection or transfection, the cells were har-
vested in NP-40 lysis buffer [0.5% NP-40, 150 mM NacCl, 50 mM Tris-
HCI pH 8.0, the protease inhibitor cocktail (P8340, Sigma)], pre-cleared
with glutathione-sepharose 4B beads for 2h at room temperature, and
then incubated for 5h at 37 °C with GST-gE.CT, GST-gD.CT, or GST-
UL11 proteins immobilized on glutathione-sepharose beads. The beads
were washed three times with NP-40 buffer for 10 min each, boiled for
5min, and proteins bound to the beads were separated by SDS-PAGE,
transferred to nitrocellulose membranes, probed with proper anti-
bodies, and developed by ECL western blotting system (Pierce).

4.5. In vitro binding assay

The in vitro binding assay was described previously (Yeh et al.,
2008). Briefly, to determine whether UL16 and gD.CT and their deri-
vatives have the ability to interact directly, the purified GST-gD.CT and
Hise-UL16 derivatives were incubated in 0.5% NP-40 lysis buffer for
2-3h at 37 °C. The proteins bound to the beads were washed 3 times
with NP-40 buffer, suspended in 30 pl sample buffer, boiled for 5 min,
separated by SDS-PAGE, transferred to nitrocellulose, Ponceau S
stained, and analyzed by immunoblotting with the anti-Hisg antibody.
To determine if the UL16-gD interaction requires cysteines in UL16,
purified Hisg-UL16(1-155) was pretreated with 10 mM NEM before
performing the in vitro binding assay.

4.6. Confocal microscopy

Vero cells were grown on coverslips in six-well plates and were
transfected with UL16-GFP and gD.HA or its truncation mutants when
confluency reached 50-70%. Single transfections of each construct
served as control. The cells were fixed with 3.7% paraformaldehyde for
7 min, permeabilized for 10 min with PBS containing 0.1% Triton-100%
and 2% BSA, and then blocked with 2% BSA PBS for 30 min gD was
stained with mouse monoclonal antibody to HA (Sigma) for 1 h at RT in
a humid chamber, and washed 3 times with PBS for 5 min each. After
incubation with secondary antibody Alexa-fluor-568-conjugated goat
anti-mouse IgG F(ab’)2 fragment (Molecular Probes) for another hour,
the cells were washed three times with PBS. Nuclear DNA was stained
with DAPI (Molecular Probes). Coverslips were mounted onto slides
using Aqua-Poly/mount (Polysciences, Inc.) and images were collected
with a Leica SP8 Confocal microscope.

4.7. Construction of mutant viruses

A bacterial artificial chromosome (BAC) containing the HSV-1 KOS
strain genome was used to generate mutant viruses using BAC re-
combineering as previously described (Baird et al., 2010; Gierasch
et al.,, 2006). The UL16 mutant viruses, AUL16, AUL16.R and
AUL16.rev35, were constructed during a previous study (Starkey et al.,
2014). Briefly, the UL16-null virus was made by deleting the UL16-
coding sequence in the genome, and the repaired virus AUL16.R was
constructed by putting the WT UL16 back to the original Ui 16 locus.

74

Virology 527 (2019) 64-76

The mutant AUL16.rev35 was constructed in the AUL16 BAC by re-
placing the UL35-coding sequence with UL16-coding sequence. To
convert WT HSV-1 KOS into a syncytial strain, a substitution (A855V)
was introduced into the cytoplasmic tail of gB to generate HSV.gBsyn
(Han et al., 2012). All the gD mutants (Fig. 4) were subsequently made
within this parental genome (gBsyn). Specifically, the mutants ACT,
gD.M5, gD.M6, and gD.M7 were created by adding two stop codons at
the corresponding sites (Fig. 4). Other mutants were generated by
making small deletions or amino acid substitutions into the gD cyto-
plasmic tail (Fig. 4). All clones were verified by HindIII digestion and
DNA sequencing of the relevant region. Repaired viruses for the mu-
tants ACT, M7, AAA, and DED were constructed by replacing the mu-
tated section of the cytoplasmic tail of gD with WT coding sequence. For
the M7 and DED mutants constructed without any Syn mutations, the
WT HSV-1 KOS BAC was used as the starting point. For the mutants in
the gKsyn background, the M7 and DED mutations were built into a
BAC containing the gK.A40V Syn mutation.

4.8. Generation of virus stock

BAC plasmids were purified from E. coli and transfected into Vero
cells using Lipofectamine 2000, as previously described (Baird et al.,
2010). At 3—4 days post transfection, when cytopathic effects appeared,
transfected cells and media were harvested, and this transfection stock
was used to infect new Vero monolayers. Cells and media were har-
vested 2-3 days post infection, subjected to 3 freeze/thaw rounds, and
sonicated to create a working virus stock.

4.9. Packaging assay and viral protein expression

The intracellular expression of viral proteins and their packaging
into extracellular virions were measured as previously described (Baird
et al., 2010). Briefly, Vero cells were infected with the indicated viruses
at an MOI of 5. At 18-24 h post infection, extracellular virions were
harvested from the media via centrifugation through a 30% sucrose
cushion for 1h at 83,500 x g in a Beckman SW41 rotor at 4°C. The
pelleted virions were then resuspended in sample buffer. Cell lysates
were harvested by pelleting infected cells, resuspending them in sample
buffer, and sonicating the samples. Both the virions and the cell lysate
samples were resolved on SDS-PAGE gels prior to analysis by western
blotting with antibodies against the specified viral proteins.

4.10. Viral replication assays

6-well plates of Vero cells were infected with the specified viruses at
a multiplicity of infection (MOI) of 0.1 or 5. After 1h incubation at
37 °C, the cells were first washed with acid buffer (135mM NacCl,
10 mM KCl, 40 mM citric acid, PH 3.0), then once with DMEM, and
overlaid with 1 ml DMEM containing 2% FBS. At indicated times post-
infection, cells were scraped off the plates. Media was separated from
cells by centrifugation at 12,000 rpm for 1 min, and frozen at —80 °C.
Cells were washed three times with DMEM, and freeze-thawed 3 times
to release cell-associated viruses. Each sample was titrated on Vero cells
using a standard viral plaque assay.

4.11. Imaging the Syn phenotype

For the gD mutants in the gBsyn background, Vero cells were in-
fected with the specified viruses at a multiplicity of infection (MOI) of
0.001. After 1 h incubation at 37 °C, the inoculum was removed and the
cells were first washed DMEM before being overlaid with DMEM con-
taining 1% FBS and 0.5% agarose. At 48 h post infection, the cells were
examined for syncytium formation under an inverted light microscope
(Olympus). For M7 and DED in the gKsyn background, Vero cells were
infected at low MOI (0.001) for 1 h at 37 °C, after which the inoculum
was removed, cells were rinsed one time with DMEM, and the cells were
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incubated with DMEM containing 2% FBS. Individual syncytia were
imaged at 24 or 48 h post infection.

4.12. Cell-to-cell spread assay

Vero cells seeded on coverslips were infected with WT, M7, or DED
viruses at a low MOI (0.001) for 1 h at 37 °C. After infection, cells were
rinsed once with DMEM and overlaid with DMEM containing 2% FBS
and 5 mg/ml pooled human IgG (Equitech Bio). This amount of pooled
IgG was previously determined to contain enough neutralizing anti-
bodies to neutralize all cell-free virus (Carmichael et al., 2018). At 48 h
post infection, cells were fixed with 3.7% PFA for 10 min, permeabi-
lized with PBS containing 0.1% Triton-100% and 2% BSA, and then
blocked with 2% BSA PBS for 30 min. The cells were then stained with
rabbit antibodies to VP5 (1:1000) for 1 h, rinsed 3 times, and stained
with the secondary antibody Alexa 568 secondary antibody (1:1000)
for 1h. Finally, cells were stained with DAPI for 5 min and the cover-
slips were mounted onto slides. Fluorescent images of VP5-positive cells
were captured with an Olympus IX73 inverted microscopes and plaque
area was determined using the Olympus cellSens software.

4.13. Flow cytometry fusion assay

This protocol has been described elsewhere (Carmichael et al.,
2018). Briefly, confluent Vero cells in 6-well plates were infected with
WT KOS, M7, or DED viruses at an MOI of 3 for 1h at 37 °C. After
infection, cells were incubated in DMEM with 2% FBS containing DMSO
(vehicle) or 50 uM salubrinal (Sigma-Aldrich). At 18 h post infection,
cells were rinsed once with standard buffer and 400 pl trypsin was
added to each well. Once cells lifted off the plate, 600 pl of ice-cold 4%
PFA/PBS (EMS) was added to the well and pipetted up and down vig-
orously to break open any syncytia. The samples were then allocated to
flow cytometry tubes on ice and the wells were rinsed with 200 ul of
FACS buffer (2% BSA, 3 mM EDTA in Ca®>*/Mg?* -free PBS), which was
added to the respective tubes. Samples were stained with 200 ul pro-
pidium iodide solution (100 pg/ml in FACS buffer; ThermoFisher),
vortexed, and analyzed by BD LSRFortessa cell analyzer. 50,000 events
were gathered per sample and data analysis was done using FlowJo
software. PI-positive events were gated for FSA (forward scatter) and
SSC (side scatter) to determine their size and granularity, effectively
distinguishing between populations of intact single cells and nuclei that
had been freed from syncytia. The percentage of free nuclei per sample
was used to estimate total fusion.

4.14. Statistical analysis

The statistical analyses were performed by using Student T test with
two tailed distribution using GraphPad Prism (version 4). The sig-
nificance values were represented as follows: *: P < 0.05, **:
P < 0.01, ***: P < 0.001, and ****: P < 0.0001. NS: no statistical
significance.
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