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ABSTRACT Like all the herpesviruses, herpes simplex virus encodes machinery
that enables it to move through cell junctions to avoid neutralizing antibodies.
This cell-to-cell spread mechanism requires the viral fusion machinery (gD, gH/
gL, and gB) and numerous accessory proteins. Of all of these, minor alterations
to only four proteins (gB, gK, UL20, or UL24) will dysregulate the fusion machin-
ery, allowing the formation of syncytia. In contrast, removal of individual acces-
sory proteins will block cell-to-cell spread, forcing the virus to transmit in a cell-
free manner. In the context of a Syn variant, removal of a required accessory
protein will block cell fusion, again forcing cell-free spread. This has been investi-
gated most thoroughly for gBsyn variants, which lose their syncytial phenotype in
the absence of several accessory proteins, including gE, gI, UL16, and UL21, which
are known to physically interact. Recently it was found that UL21 is not needed for
gKsyn-, UL20syn-, or UL24syn-induced cell fusion, and hence it was of interest to as-
certain whether gE, gI, and UL16 are required for Syn variants other than gBsyn. Null
mutants of these were each combined with seven syncytial variants distributed
among gK, UL20, and UL24. Surprisingly, very different patterns of accessory protein
requirements were revealed. Indeed, for the three gKsyn variants tested, two differ-
ent patterns were found. Also, three mutants were able to replicate without causing
cytopathic effects. These findings show that mutations that produce Syn variants
dysregulate the cell-to-cell-spread machinery in unique ways and provide clues for
elucidating how this virus moves between cells.

IMPORTANCE Approximately 2/3 of adults worldwide are latently infected with her-
pes simplex virus 1. Upon reactivation, the virus has the ability to evade neutralizing
antibodies by moving through cell junctions, but the mechanism of direct cell-to-cell
spread is poorly understood. The machinery that assembles between cells includes
the viral fusion proteins and various accessory proteins that prevent cells from fus-
ing. Alterations in four proteins will dysregulate the machinery, allowing neighboring
cells to fuse to make syncytia, but this can be prevented by removing various indi-
vidual accessory proteins to further disable the machinery. Previously, the accessory
protein UL21 was found to be important for the activity of some syncytial variants
but not others. In this study, we discovered that UL16, gE, and gI all act differently
in how they control the fusion machinery. A better understanding of the mechanism
of cell-to-cell spread may enable the development of drugs that block it.
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The membrane fusion machinery of herpes simplex virus 1 (HSV-1) plays two distinct
roles for transmission of infections. One is during entry of cell-free virus into the

host, which occurs either at the plasma membrane or within endocytic vesicles (1). This
process begins when gD (Fig. 1A) binds to one of its cellular receptors—nectin-1, HVEM,
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or 3-O-sulfated heparan sulfate (2–5)—and then transmits a signal through the het-
erodimer gH/gL to the viral fusogen, gB (6, 7), which mediates fusion of the viral and
host membranes (8). These four proteins are inherently fusogenic, and thus, when they
are coexpressed in the absence of other viral proteins, the cells are stimulated to fuse
with each other (9). However, wild-type (WT) HSV-1 normally does not result in cell
fusion despite the presence of these viral glycoproteins on the plasma membranes of
the infected cells (10–12), and it is quite clear that gD, gH/gL, and gB are tightly
regulated by other viral proteins (13–15), tyrosine phosphorylation (16), and perhaps
other unknown components.

The other transmission role for the virus fusion machinery is in cell-to-cell spread.

FIG 1 Syncytial variants display unique properties. (A) Diagram of proteins required for cell-to-cell spread that are relevant
to this study. The fusion machinery consists of gB, gH/gL, and gD. Basic residues in gD that are needed for cell-to-cell
spread are indicated (���). Eight substitutions in gB, gK, UL20, and UL24 that dysregulate the fusion machinery are
represented with red dots, and the specific changes are listed below the diagram. The accessory proteins investigated are
gE, gI, and UL16, which are highlighted in yellow. (B) Vero cells were infected with each Syn variant, cell lysates were
harvested at 18 h postinfection (hpi), and immunoblots were probed for VP5, gE, gI, and UL16 expression. (C) Vero cells
were infected with each Syn variant at a low MOI and overlaid with 0.5% agarose in DMEM. At 36 hpi, 30 individual syncytia
were imaged for each variant: the average areas are shown. (D) Vero cells were infected at a low MOI, incubated for 36 h,
fixed, and stained with DAPI and an antibody against the major capsid protein, VP5. Corresponding bright-field and
fluorescent images were taken for each variant. The scale bar is set at 50 �m.
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This poorly understood mechanism sends mature virions, contained within cytoplasmic
vesicles, to lateral cell junctions so that they can enter neighboring, uninfected cells
(17–19). HSV-1 uses this mode of transmission when moving from mucosal epithelial
cells into nearby sensory neurons and back again as it establishes latent infections and
later reactivates (20). This mechanism enables the virus to avoid neutralizing antibodies
(21), and thus, in cell culture, wild-type HSV-1 can still form large plaques even when
such antibodies are present in the growth medium. In contrast, mutants defective for
cell-to-cell spread make tiny plaques under these conditions because they can only
spread via the cell-free mode. For example, viruses lacking gE (Fig. 1A) are severely
reduced in their ability to form plaques in the presence of neutralizing antibodies, even
though they have no defect in the production of infectious virions (18, 22). Moreover,
gE-null viruses cannot spread from epithelial cells into neurons in mouse models
(23, 24).

How the viral fusion machinery and its regulatory components mediate the process
of cell-to-cell spread is unclear. It has been proposed that this machinery may create
new cell junctions since none typically exist between the axons of sensory neurons and
nearby epithelial cells; it may also modify existing junctions between epithelial cells to
make them compatible for cell-to-cell spread (16). In any case, a large number of HSV-1
mutants have been found that dysregulate the viral machinery and cause infected cells
to fuse, forming multinucleated cells known as syncytia (25). Each of the mutations
responsible for these Syn variants falls into one of four viral genes, namely those
encoding gB, gK, UL20, or UL24 (Fig. 1A) (26). Moreover, cells infected with wild-type
HSV-1 can be induced to fuse when treated with salubrinal (27), and although the
target of this drug is unknown, inhibitors of PTP1B (a tyrosine phosphatase) block both
cell fusion and cell-to-cell spread (16). Thus, there are at least two host factors that
regulate the viral fusion machinery: PTP1B and an unidentified tyrosine kinase.

The relevance of the Syn phenotype to cell-to-cell spread can perhaps best be seen
by the overlap of viral proteins needed for both. As one example, gE is needed both for
cell-to-cell spread (as noted above) and for the gBsyn phenotype. That is, when all of
gE or just its cytoplasmic tail is absent, gBsyn viruses are no longer capable of making
cells fuse, but instead just make lytic plaques (28–31). Thus, in the case of gBsyn
variants, their mutations do not merely destroy the regulatory machinery so that gD,
gH/gL, and gB are free to fuse cells indiscriminately like they do when expressed alone
(9). Otherwise, accessory proteins like gE would not be required for syncytium forma-
tion. Something more subtle is involved in the creation of Syn variants.

There is very little known about the requirements for “accessory” proteins among
Syn variants other than gBsyn. One study reported that UL11 and gM are required for
both the gBsyn and gKsyn phenotypes (32), but UL20syn and UL24syn were not
examined. The first indication that there are differences arose from a study of UL21,
which together with UL16 and UL11, forms a complex on the tail of gE (Fig. 1A) that is
required for the gBsyn phenotype (30). While passaging a UL21-null mutant, which is
defective for cell-to-cell spread, it quickly gave rise to Syn variants, and these mapped
to the gene for gK, but the Syn phenotypes of UL20syn and UL24syn do not require
UL21, either (33). Thus, UL21 was found to be required only for gBsyn-induced cell
fusion, providing evidence that syn mutations may dysregulate the viral machinery in
unique ways. Moreover, gBsyn, gKsyn, UL20syn, and UL24syn have been shown to
respond in strikingly different ways to salubrinal and PTP1B inhibitors (16). More
thorough analyses of the accessory protein requirements among the various Syn
variants are needed because these are likely to provide additional clues for the
mechanism of cell-to-cell spread.

The experiments described here focus on three proteins in the complex with UL21
and UL11 (Fig. 1A), all of which have been reported to be required for the gBsyn
phenotype (30, 32). One is UL16, which makes direct contacts with UL21, UL11, gE, and
gD (34–37), and because of its central position in this interaction network, it seemed
likely to be required for all the Syn variants, even though UL21 is not. The other proteins
are gE and gI, which are well known to form a heterodimer (38, 39). Because the
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external domain of gE has a discrete function that is essential for cell-to-cell spread (40)
and has been hypothesized to perhaps bind a host receptor (22), we expected that
gE/gI would exhibit matching requirements and be required for all the Syn variants. As
described below, these studies produced several surprising results.

RESULTS
Approach for constructing mutant viruses and confirming their phenotypes.

Since gE, gI, and UL16 have been previously reported to be important for the gBsyn
phenotype, our initial goal was to make null mutants of these in the background of a
gKsyn variant, a UL20syn variant, and a UL24syn variant, for a total of 9 new viruses. To
limit the selection of unintended mutations, all the DNA alterations were made in
Escherichia coli via bacterial artificial chromosome (BAC) recombineering rather than by
using genetic selections in infected Vero cells. All the clones were screened via
restriction endonuclease digestions, and those that had no obvious genome rearrange-
ments were sequenced to confirm that the expected mutations were present. Further-
more, after transfecting the mutant BACs into Vero cells, the resulting viruses were
passaged just once to make virus stocks, thereby limiting the selection of suppressor
mutations.

Early in this investigation we obtained surprising results, with gE seeming to be
dispensable for certain Syn variants. To provide further confidence in our observations,
we took the approach of making multiple gE- and gI-null viruses independently and
with different ways of preventing expression. In addition, we decided to expand the
number of Syn variants to include three in gK, two in UL20, and two in UL24 (Fig. 1A).
We also constructed two different gI-null derivatives of a gBsyn variant (A855V) because
we had never verified the previous report that this protein is required for that Syn
phenotype (28). Because it was very unlikely that a spurious compensating mutation
would occur in each independently constructed virus, revertants were not made.
Importantly, all of the results described below were consistent, meaning that gE- and
gI-null mutants made in different ways had the same phenotypes.

In the case of UL16, the various syn mutations were introduced into a well-
characterized null mutant (41), which has been shown to be nonsyncytial in the context
of a gBsyn mutant. Confirmation that the phenotypes were due to the absence of UL16
was made possible by the availability of G5 cells, a UL16-complementing cell line
derived from Vero cells (42). Thus, the previously constructed Δ16/gBsyn virus (30)
regains the Syn phenotype on G5 cells. In the end, the total number of new viruses
constructed for this study grew to 36 (Table 1) so as to give us confidence in the results
obtained.

Syncytial variants display unique properties. The eight Syn variants used in this
study (Fig. 1A) were previously inserted into the KOS genome (30, 33), and before
removing accessory proteins gE, gI, or UL16, we first wanted a clear view of how each
behaved in comparison to the others. Immunoblotting confirmed that all eight strains
expressed the three viral proteins of interest (Fig. 1B). In the case of the three gKsyn
variants, gE levels seemed to be slightly reduced, but what was most striking was that
the level of gI was reduced �80% for the UL24.E99A/K101A Syn mutant, even though
approximately equal amounts of cell lysate were loaded in each lane, as indicated by
the similar levels of VP5 (the major capsid protein). This may be of interest since little
is known about how UL24 controls the cell-to-cell spreading machinery to prevent
fusion, but we did not pursue the observation any further.

Although cells infected with Syn variants will eventually die to create plaques in a
monolayer, there is a long period during which syncytia rapidly form and expand from
the site of the initially infected cell. For each of the eight Syn variants, we compared the
average expansion sizes of 30 individual syncytia 36 h after infecting cells at a low
multiplicity of infection (MOI) (Fig. 1C). No lytic plaques were observed, and most of the
variants produced similarly sized syncytia, with the exception of gK.A40V and gK.L118Q,
which have substitutions in the large external, N-terminal domain of this protein.
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To more closely evaluate the fusogenic phenotype of each variant, monolayers were
fixed, and the infected cells were identified by immunostaining for VP5, while nuclei
were stained with DAPI (4=,6-diamidino-2-phenylindole). The syncytia induced by
gB.A855V, gK.A40V, and gK.L118Q were relatively uniform in appearance, with hun-
dreds of nuclei clustering together in the middle of one large syncytium (Fig. 1D, top
three rows). However, the syncytia induced by gK.G167D and each of the UL20syn and
UL24syn variants did not exhibit uniformity, despite identical starting cell densities.
Instead, their nuclei were clustered into several smaller pockets within the syncytium,
as seen in the DAPI column (Fig. 1D, bottom five rows). These data emphasize that
although all the Syn variants are fully fusogenic, they differ in ability to spread and in
visual appearance. Of course, the main question is whether these fusion phenotypes
are lost in the absence of gE, gI, or UL16.

gE is not universally required for the Syn phenotype. Mutants that are incapable
of expressing of gE (encoded by the US8 gene) were constructed in three different ways
(Fig. 2A). The gE-null mutant was made by inserting three stop codons in the place of
the coding sequence for the signal peptide. The ΔgE(galK) mutant was made by
replacing the coding sequence for the ecto- and transmembrane domains of gE with a
galK cassette. For the ΔgE.stop mutant, the galK cassette was removed and replaced
with two stop codons. All three of these mutants leave the overlapping US8A gene and
its promoter intact (Fig. 2A), which may not be important since the KOS strain expresses

TABLE 1 gE, gI, and UL16 deletion mutants for each Syn varianta

New virus Parentb Engineered mutation

gE-null WT gE signal peptide codons replaced with 3 stops
ΔgE(galK) WT ED-TM codons of gE replaced with galK cassette
ΔgE.stop WT ED-TM codons of gE replaced with 2 stops
gE-null/gK.A40V gK.A40V gE signal peptide codons replaced with 3 stops
gE-null/gK.L118Q gK.L118Q gE signal peptide codons replaced with 3 stops
gE-null/gK.G167D gK.G167D gE signal peptide codons replaced with 3 stops
ΔgE(galK)/gK.A40V gK.A40V ED-TM codons of gE replaced with galK cassette
ΔgE(galK)/gK.L118Q gK.L118Q ED-TM codons of gE replaced with galK cassette
ΔgE.stop/gK.G167D gK.G167D ED-TM codons of gE replaced with 2 stop codons
gE-null/UL20.F222A UL20.F222A gE signal peptide codons replaced with 3 stops
gE-null/UL20.R209A UL20.R209A gE signal peptide codons replaced with 3 stops
ΔgE(galK)/UL20.F222A UL20.F222A ED-TM codons of gE replaced with galK cassette
gE-null/UL24.G121A UL24.G121A gE signal peptide codons replaced with 3 stops
gE-null/UL24.E99A/K101A UL24.E99A/K101A gE signal peptide codons replaced with 3 stops
ΔgE(galK)/UL24.G121A UL24.G121A ED-TM codons of gE replaced with galK cassette

ΔgI WT Deletion of gI codons 2–383
gI-null WT Replace gI valine 10 codon with 2 stops
ΔgI/gB.A855V gB.A855V galK replacement of gI codons 2–383
gI-null/gB.A855V gB.A855V Replace gI valine 10 codon with 2 stops
ΔgI/gK.A40V gK.A40V Deletion of gI codons 2–383
ΔgI/gK.L118Q gK.A40V Deletion of gI codons 2–383
ΔgI/gK.G167D gK.L118Q Deletion of gI codons 2–383
gI-null/gK.A40V gK.G167D Replace gI valine 10 codon with 2 stops
ΔgI/UL20.F222A UL20.F222A Deletion of gI codons 2–383
ΔgI/UL20.R209A UL20.F222A Deletion of gI codons 2–383
gI-null/UL20.F222A UL20.R209A Replace gI valine 10 codon with 2 stops
ΔgI/UL24.G121A UL24.G121A Deletion of gI codons 2–383
ΔgI/UL24.E99A/K101A UL24.G121A Deletion of gI codons 2–383
gI-null/UL24.G121A UL24.E99A/K101A Replace gI valine 10 codon with 2 stops

ΔUL16/gK.A40V ΔUL16 A40V substitution inserted into gK
ΔUL16/gK.L118Q ΔUL16 L118Q substitution inserted into gK
ΔUL16/gK.G167D ΔUL16 G167D substitution inserted into gK
ΔUL16/UL20.F222A ΔUL16 F222A substitution inserted into UL20
ΔUL16/UL20.R209A ΔUL16 R209A substitution inserted into UL20
ΔUL16/UL24.G121A ΔUL16 G121A substitution inserted into UL24
ΔUL16/UL24.E99A/K101A ΔUL16 E99A/K101A substitutions inserted into UL24
aAll viruses were constructed using a BAC containing the KOS strain of HSV-1 (78).
bThe parent viruses have been previously described (30, 33, 41).
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FIG 2 Construction of HSV-1 deletion mutants. (A) An illustration of the US8 (gE) gene and the gE
deletion viruses. Sequences encoding the ectodomain (ED), transmembrane domain (TM), and cytoplas-
mic tail (CT) are indicated. The locations of the start and stop codons within the KOS reference genome
are denoted (GenBank accession no. JQ673480.1). Also included is the US8A gene, which overlaps the
CT-coding region of US8. The gE-null mutant has three stop codons in place of the signal peptide

(Continued on next page)
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an extended and possibly inactive version of this protein (43). Immunoblotting of
infected-cell lysates confirmed that the mutants do not express gE, but they do make
wild-type amounts of its binding partner, gI (Fig. 3A, left panel). In high-MOI experi-
ments where cell-to-cell spread is not needed, all three mutants produced virus titers
equivalent to the wild type (Fig. 2D), as reported for gE deletion mutants made in other
labs (18, 44, 45). In the absence of any syn mutations, all three mutants produced lytic
plaques that were small, consistent with a defect in cell-to-cell spread (data not shown),
but the question of interest was what happens in the context of the Syn variants (i.e.,
the viruses listed in the top section of Table 1).

We had predicted that gE would be essential for all the Syn variants, and that
hypothesis was true for UL20syn and UL24syn, where all six mutant viruses failed to
induce any cell fusion (data not shown because there is nothing to report except the
presence of tiny, lytic plaques). Immunoblotting confirmed that gE was absent (Fig. 3A,
two panels on the right), and although the levels of gI were unaffected for the UL20syn
mutants, we found that this protein was noticeably reduced (�80%) for UL24.E99A/
K101A, as seen earlier (Fig. 1B). Moreover, the two clones of UL24.G121A also exhibited
reductions of gI.

On the other hand, our hypothesis was refuted by the gKsyn mutants. In the case of
gK.A40V, the two independently constructed mutants, gE-null/gK.A40V (Fig. 3B, top
row) and ΔgE(galK)/gK.A40V (not shown), were fully syncytial (i.e., no lytic plaques were
observed), even though immunoblotting confirmed their inability to express gE (Fig.
3A, second panel). Fusion was also observed for gK.L118Q when combined with the
gE-null (Fig. 3B, middle row) or ΔgE(galK) mutant (not shown). In contrast, gK.G167D
became lytic when gE expression was eliminated (example shown in Fig. 3B, bottom).
This experiment provides the first example of an accessory protein (gE) being differ-
entially required for fusion in an allele-specific manner. That is, some gKsyn mutants
require gE for fusion, but others do not (Table 2).

To quantify our observations for all the gKsyn variants, cells were infected at a low
MOI and incubated with an agarose overlay, and images of at least 30 sites of infection
were obtained for each virus. gKsyn parent-infected cells were imaged 36 h postinfec-
tion because waiting any longer resulted in lysis of the syncytia. Because viruses lacking
gE have spreading defects, cells infected with these viruses were imaged at 42 h
postinfection so that the sites of infection would be large enough to accurately identify.
The area of each site of infection was measured, and each was assigned a score of
“syncytial,” “mixed,” or “lytic” (Fig. 3C). “Syncytial” indicates that the entire site of
infection consisted of a mutinucleated syncytium, like the Syn parents. “Mixed” was
defined as a plaque that had at least 5 nuclei in a syncytium directly juxtaposed to
lytically infected cells. Finally, “lytic” plaques contained no fused cells. The results show
that both of the gK.A40V viruses lacking gE were fully syncytial. Both gK.L118Q viruses
lacking gE exhibited somewhat varied results, with many being fully syncytial and
others being mixed (center graph). In contrast, both gK.G167D viruses lacking gE were
severely defective for syncytium formation, producing only mixed or lytic plaques (right
graph). In addition to revealing an allele-specific requirement for gE, these results show
that a small site of infection is not predictive of the ability of a mutant to cause fusion.

gI is only required for UL24syn. We expected that Syn mutants lacking gI would
behave similarly to those lacking gE because these proteins form a heterodimer that is
needed for cell-to-cell spread (18, 46) and together create an efficient Fc receptor that

FIG 2 Legend (Continued)
(SP)-coding sequence. The ΔgE(galK) mutant has a galK cassette in place of the ED-TM-coding sequence.
The ΔgE(stop) mutant has two stop codons in place of the ED-TM coding sequence. (B) An illustration
of the US7 (gI) gene and the gI deletion viruses. Positions of the ED-, TM-, and CT-coding sequences are
indicated. The gI-null mutant has two stop codons in the place of valine codon 10. The ΔgI mutant lacks
codons 2 to 383. (C) An illustration of the UL16-coding sequence, which was deleted to make the ΔUL16
mutant. (D) For each deletion mutant, four plates of Vero cells were infected at an MOI of 5. Two plates
were harvested at both of the indicated times, and the average titers (cells plus medium) were
determined via plaque assays. These were normalized to the wild type at 24 hpi and plotted.
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FIG 3 gE is not universally required for the Syn phenotype. (A) Vero cells were infected with gE deletion viruses with or
without syn mutations. Cell lysates were harvested 18 to 20 hpi, and immunoblots were probed for expression of VP5, gE,
and gI. (B) Vero cells were infected with gE-null/gKsyn variants at a low MOI. At 48 hpi, the cell were fixed and stained with
DAPI and an antibody against VP5. Corresponding bright-field and fluorescent images were taken for each variant. (C) For
each of the indicated mutants, the areas of 30 individual syncytia were measured at either 36 hpi (gKsyn parents) or 42
hpi (mutants lacking gE). The reduced average areas of the mutants relative to their gKsyn parent are plotted. ****, P �
0.0001, Student’s t test. Additionally, each site of infection was scored as syncytial, mixed, or lytic (as defined in the text),
with the linear distribution of these phenotypes shown graphically.
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binds IgG and aids in viral immune evasion (47, 48). To prevent expression of gI
(encoded by the US7 gene), two methods were employed (Fig. 2B). The gI-null mutant
was made by replacing the codon for valine at position 10 with two stop codons.
However, if an alternative translational start site was present near this position, then a
derivative of gI would be produced with a shortened but possibly functional signal
peptide. Therefore, the ΔgI mutant was made, in which the coding sequence was
removed (codons 2 to 383). Immunoblotting of infected-cell lysates confirmed that
both mutants lack expression of gI, with little effect on gE other than a slight alternation
in the pattern of glycosylation (Fig. 4A, top). In high-MOI experiments where cell-to-cell
spreading is not needed, both viruses produced titers equivalent to those of the wild
type (Fig. 2D). Next, the two gI mutants were combined with the Syn mutants, and the
cell fusion ability was examined for each virus (Table 1, middle section).

A previous study showed that gE and gI are essential for the gBsyn phenotype (28),
and although we previously confirmed the gE requirement (30), the need for gI had not
been tested in our laboratory. We were quite surprised to find that in the absence of
gI expression (Fig. 4A, top), both of our gBsyn variants exclusively made syncytia (Fig.
4B, top two rows). Although the sites of infection were somewhat smaller than those
of the parent, no mixed or lytic plaques were observed (Fig. 4C, leftmost panel). These
viruses were passaged only once after transfecting the BACs into Vero cells, making it
unlikely that compensating mutations could have arisen. Nevertheless, we extracted
viral DNA and sequenced the genes for gK, UL20, and UL24 in the gI-null/gBsyn mutant,
but no alterations were found (i.e., no other syn mutations were present). Although we
used the same gBsyn mutant as the previous study (A855V), there is a strain difference
(KOS versus SC16), which may account for the discrepancy, but that remains to be
tested. Since our hypothesis of matching requirements for gE and gI was wrong, it was
difficult to predict the phenotypes of the other Syn mutants in the absence of gI. If
anything, it seemed likely that this glycoprotein would not be required for any of them.

For gKsyn and UL20syn, gI was indeed found to be dispensable for cell fusion (Fig.
4). The allele-specific requirement seen for gE with the three gKsyn variants was not
found for gI, with all mutants exhibiting fusion activity (for example, see Fig. 4B, third
row). The absence of gI expression was confirmed by immunoblotting (Fig. 4A, second
panel), and quantification of 30 sites of infection for each revealed they were smaller
but fully syncytial (Fig. 4C, second panel). Likewise, all the UL20syn variants were
confirmed to lack gI (Fig. 4A, third panel) and to be syncytial (example shown in Fig. 4B,
fourth row). Quantification revealed that the sites of infection were smaller but essen-
tially all syncytial, with an occasional mixed site (Fig. 4C, third panel).

In contrast to all the other Syn variants, UL24syn was found to require gI. In its
absence, which was confirmed by immunoblotting (Fig. 4A, bottom), small, lytic
plaques were observed (Fig. 4B, bottom two rows). Quantification of 30 sites of
infection for each mutant revealed that some of the plaques were mixed, but no pure
syncytia were seen (Fig. 4C, right panel). Thus, it is quite clear that the UL24syn
phenotype depends on gI (Table 2). Because UL24syn mutants can reduce the expres-
sion of gI (see Fig. 1B and Fig. 3A) and complete deletion of gI eliminates the UL24syn
phenotype, it seems likely that some sort of interaction (direct or indirect) takes place
between these two proteins, but this possibility was not explored further.

The requirement for UL16 among Syn mutants matches that for gE. UL16 interacts
directly with the cytoplasmic tail of gE and also with UL21 (Fig. 1A). Thus, it was difficult

TABLE 2 Summary of the accessory protein requirements for each Syn mutanta

Accessory proteins
Cell-to-
cell spread

gBsyn gKsyn UL20syn UL24syn

A855V A40V L118Q G167D R209A F222A E99A/K101A G121A

gE � � – – � � � � �
gI � – – – – – – � �
UL16 � � – – � � � � �
UL21 � � – – – – – – –
aThe results for UL21 were previously reported and are shown for comparison (33).
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to predict whether Syn mutants lacking this protein would behave more like those
lacking gE, where it was required for six of the eight Syn mutants tested, or those
lacking UL21, where it is needed only for the gBsyn phenotype (Table 2). It was also
possible that UL16 mutants would exhibit a unique profile.

FIG 4 gI is only required for UL24syn. (A) Cells were infected with gI deletion mutants, harvested 18 hpi, and the lysates analyzed for
VP5, gE, and gI expression via immunoblotting. The blots are arranged according to the type of Syn variant. (B) Vero cells were infected
with the indicated mutants at a low MOI. At 36 hpi, they were fixed and stained with DAPI and antibodies specific for VP5. Corresponding
bright-field and fluorescent images were taken for each variant. (C) For each of the indicated mutants, the areas of 30 individual syncytia
were measured at 36 hpi. The reduced average areas of the mutants relative to their Syn parent are plotted. P values were calculated
by the Student’s t test. *, P � 0.05; **, P � 0.01; ****, P � 0.0001. Additionally, each site of infection was also scored as syncytial, mixed,
or lytic (as defined in the text), with the linear distribution of these phenotypes shown graphically.
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The gBsyn phenotype has already been reported to depend on UL16 (30), and that
was confirmed (not shown). To examine the other seven syn alleles, they were each
inserted into the ΔUL16 virus (Fig. 2C), a well-described mutant that lacks the entire
UL16 coding sequence (41). PCR analyses confirmed that genomes of the resulting
viruses (Table 1, bottom section) were smaller than the wild type by the expected
1,100 bp (not shown). We prepared virus stocks on G5 cells, which contain the UL16-
through-UL21 segment of the KOS genome (42) and can complement UL16-null
mutants (41). On these cells, all the mutants produced sites of infection that were at
least as large as the ΔUL16 parent (Fig. 5A, left column). As expected, a closer inspection
revealed that all contained syncytia, except for the ΔUL16 parent and the two UL20syn
mutants, whose cell fusion phenotypes are suppressed by wild-type UL20 produced by
the G5 cells.

To ascertain whether UL16 is required for the Syn phenotypes, Vero cells were
infected with viruses produced on the G5 cells. The ΔUL16 parent produced virus titers
that were about 10-fold lower than those of the wild type (Fig. 2D), which was expected
based on an earlier study showing that this viral protein is needed for efficient
envelopment of cytoplasmic capsids (41). Consequently, sites of infection take longer
to expand on Vero cells, and we incubated the cultures for 5 days. When the seven
ΔUL16/syn viruses were examined, we were surprised to find that three of them did not
produce plaques of any type at all (Fig. 5A, right column), even after incubating the
cultures for 7 days (not shown). Even more striking, these viruses have syn mutations in
three different genes—the specific alleles encoding gK.G167D, UL20.F222A, and
UL24.E99A/K101A.

We expected the non-plaque-forming mutants to be defective for virus production
in Vero cells, but this was not the case. To examine this, G5 or Vero cells were infected
with the three non-plaque-forming mutants at MOI of 3, so that virus spreading was not
required, and at 24 h postinfection, the numbers of infectious viruses were measured
via plaque assays on G5 cells (Fig. 5B, left panel). Although the total virus titers (cell
lysates plus growth media) were reduced as much as 10-fold compared to those of the
ΔUL16 parent, it is clear that all three mutants replicated. We also measured the
percentage of each virus population that was released into the growth medium from
Vero cells (Fig. 5B, right panel). One mutant seemed to have an egress defect, but the
other two behaved essentially like their ΔUL16 parent, and therefore, virion release
cannot explain the absence of plaques on Vero cells. Although virus titers were
measured on G5 cells, the complementing UL16 gene is under the control of its native
promoter, and hence, UL16 should not be present in these cells until the virus enters
and reaches the late phase of infection several hours later. To rigorously show that the
three non-plaque-forming viruses can progress to the late stage of infection in the
complete absence of UL16, Vero cell-produced mutants were used at low MOI on fresh
Vero cells, rather than G5 cells. After 18 h, the numbers of cells producing VP5 (another
late protein) were the same as for the ΔUL16 parent (Fig. 5C). While it is perplexing as
to why these three mutants are unable to produce plaques in Vero cells, it is clear that
UL16 is required for their ability to fuse cells (Table 2).

Related to these observations, we found no difference in the ability of the ΔUL16
parent to egress from Vero cells compared to G5 cells (Fig. 5B), even though total virus
production is greatly reduced when UL16 is absent (Fig. 2D). The Vero-versus-G5 egress
result is interesting because it suggests that UL16 plays no role in getting infectious
virions out of cells even though it has a very important role in producing them. Thus,
UL16 appears to have another, separate function in the mechanism of cell-to-cell
spread. To test this, Vero cells were infected with the ΔUL16 mutant at a low MOI and
then incubated in growth media containing neutralizing antibodies to prevent cell-free
spread. The four gE- and gI-null viruses were included as controls because the viral
proteins they lack are known to be important for cell-to-cell spread (18, 49). After
incubation for 48 h, nuclei were stained with DAPI, and infected cells were identified by
immunostaining with antibodies against VP5. All the mutants exhibited spreading
defects relative to the wild type (Fig. 5D), and the areas of at least 40 sites of infection
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FIG 5 Unexpected spreading defects among ΔUL16/syn variants. (A) Plaque assays for each of the indicated mutant viruses were done
on G5 (complementing) or Vero cells. The G5 plaque assays (left column) were fixed at 3 days postinfection (dpi), and the Vero plaque
assays (right column) were fixed at 5 dpi. Plaques were visualized by staining with crystal violet. (B) Vero cells or G5 cells were infected
with the indicated viruses at an MOI of 3. At 24 hpi, infected cell lysates and the media were harvested separately, and virus titers were
measured with plaque assays on G5 cells. The left panel shows the average total virus titers obtained from two measurements for each
mutant in each cell type. A Student’s t test was used to analyze the reductions in titer of the ΔUL16/syn mutants compared to the ΔUL16
parent in Vero cells. **, P � 0.01. The right panel shows the percentage of infectious virions released into the medium when Vero or G5
cells were infected with the ΔUL16 parent. Release of the ΔUL16/syn variants is shown only for Vero cells because in G5 cells the syncytia
that are produced are prone to bursting. (C) Noncomplementing Vero cells were infected at an MOI of 0.05 with the ΔUL16 parent or the

(Continued on next page)
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were measured for each (Fig. 5E, left panel). Viruses lacking gE produced sites of
infection that were just 10% the size of the wild type, whereas the viruses lacking gI
were reduced only 50%. This suggests a more prominent role for gE in cell-to-cell
spread, at least for the KOS strain. In contrast, the UL16-null virus was found to have a
much more severe spreading defect, with the average site of infection being reduced
by about 2 logs, but this comparison is misleading because all the other viruses (except
the ΔUL16 mutant) produced titers equal to that of the wild type (Fig. 2D). Therefore,
we also compared the ΔUL16 mutant to itself in the presence or absence of neutralizing
antibody, and this revealed a 10-fold reduction in the areas of infection (right panel),
which matches that of gE. Thus, UL16 seems to be a critical component of the
cell-to-cell spread machinery.

The remaining four ΔUL16/syn variants, which do make visible sites of infection,
have their substitutions scattered across gK, UL20, and UL24, and to complete our
analysis, they were examined for their abilities to cause cell fusion. Close inspection of
the small sites of infection for ΔUL16/UL20.R209A and ΔUL16/UL24.G121A on Vero cells
(Fig. 5B) revealed that there were no syncytia present. Taken together with the
non-plaque-forming mutants, it is clear that UL16 is required for cell fusion induced by
UL20syn and UL24syn. In the case of gK, those mutants with the A40V or L118Q
substitutions continued to be fully fusogenic in the absence of UL16 (Fig. 6A), although
their syncytia were smaller and took longer to form than their gKsyn parents, which
have UL16 (Fig. 6B). Collectively, these data show that the requirement for UL16 among
all the Syn variants mirrors that of gE (Table 2).

DISCUSSION

Although syncytia have been observed in the lesions caused by HSV-1 infections
(50), the mutants responsible for cell fusion are minor variants that are not thought to
be important for the transmission and biology of the disease. While it is easy to dismiss
Syn mutants as being irrelevant, the reason for studying them is to seek clues to the

FIG 5 Legend (Continued)
three non-plaque-forming mutants, all of which had been produced in Vero cells. At 18 h postinfection, the cells were fixed and stained
with DAPI and an antibody against VP5. (D) Vero cells were infected with WT, gE deletion, gI deletion, or ΔUL16 viruses at a low MOI and
incubated in medium containing 5 mg/ml pooled human IgG to block cell-free virus spread. At 48 hpi, the cells were fixed and stained
with DAPI and an antibody specific for VP5. Representative sites of infection are shown with scale bar set to 50 �m. (E) For each virus,
the average area of infection in the presence of neutralizing antibody was measured. For comparisons with the wild type (left panel), 40
sites were averaged. For comparison of ΔUL16 with itself in the presence or absence of neutralizing antibody (right panel), 30 sites were
averaged. A Student’s t test was used to analyze the area size reductions. **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.

FIG 6 The requirement for UL16 among Syn mutants matches that for gE. (A) Vero cells were infected at a low MOI with
ΔUL16/gK.A40V or ΔUL16/gK.L118Q. All the other ΔUL16/syn variants produced either no plaques or fully lytic plaques. At
48 hpi, the cells were fixed and stained with DAPI or an antibody for VP5. Representative bright-field and fluorescent
images were taken for each variant. (B) For each of the indicated mutants, the areas of 30 individual sites of infection were
measured at either 36 hpi (gKsyn parents) or 48 hpi (mutants lacking UL16). The reduced average areas of the mutants
relative to their gKsyn parent are plotted. ****, P � 0.0001, Student’s t test. Additionally, each site of infection was scored
as syncytial, mixed, or lytic (as defined in the text), with the linear distribution of these phenotypes shown graphically.
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poorly understood mechanism of cell-to-cell spread, which is critically important for all
the herpesviruses and dysregulated in these variants. As an example, a study of
salubrinal-induced fusion of HSV-1-infected cells has revealed that PTP1B, a host
tyrosine phosphatase, is critical for cell-to-cell spread (16).

Differential requirements for accessory proteins. As others first began to imagine
long ago (51), we hypothesize that the process of cell-to-cell spread requires machinery
located at cell junctions with moving parts that act in a definite but unknown sequence
of molecular events. Infected cells have the potential to fuse with adjacent cells
because the viral fusion proteins (gD, gH/gL, and gB) are part of the machinery at cell
junctions (52), but it is tightly regulated. Of all the components that are involved in
cell-to-cell spread, only four proteins can be altered to cause rampant fusion: gB, gK,
UL20, and UL24.

There are two ways to turn off the machinery once it is dysregulated, and both have
revealed differential effects among Syn mutants. The first method uses certain drugs
that can block syncytium formation. For example, melittin blocks fusion of gKsyn but
not gBsyn mutants (53), but differential responses have also been observed with
cyclosporine (54), heparin-Na� (51), and, more recently, inhibitors of PTP1B (16).
Precisely why the mutants respond differently is unclear, even in the case of PTP1B
inhibitors, where the critical tyrosines remain to be identified. In any case, these
observations clearly indicate that Syn mutants alter the cell-to-cell-spread machinery in
unique ways, which is not surprising since it is known that syn mutations fall within four
different genes.

The second way to prevent fusion when the machinery is dysregulated is by
removing other viral components, but those pieces depend upon which syn mutation
is present. This was discovered first for UL21 (33), which is required for cell-to-cell
spread but is only needed for gBsyn (Table 2). Also, removal of the membrane-proximal
basic residues in the cytoplasmic tail of gD (Fig. 1A) will block the gBsyn phenotype, but
not that of gKsyn. Here, we have shown that gE, gI, and UL16, which are all needed for
cell-to-cell spread and reside in the same interaction network with UL21, are differen-
tially required among the Syn mutants but in ways that were difficult to predict.
Collectively, these findings suggest that certain regulatory proteins are bypassed or
disengaged from the cell-to-cell-spread machinery by some syn mutations but not
others. For example, the disrupting substitutions of UL20syn variants lock the fusion
machinery in the “on” position, with removal of gI or UL21 having no effect, but
removal of gE or UL16 shuts off the fusion activity (Table 2).

At this point, it is difficult to speculate on precise molecular details that would
explain our observations because so little is understood about the cell-to-cell-spread
machinery, and the differential protein requirements among Syn mutants have only
just begun to emerge. In broad strokes, we note that the only Syn mutants that
continue to exhibit cell fusion in the absence of gE, gI, UL16, or UL21 (Table 2) are those
with changes on the external side of the plasma membrane, namely gK.A40V and
gK.L118Q (Fig. 1A). These are also the two mutants that produce the largest syncytia
(Fig. 1C). All the other Syn mutants, including the other gKsyn derivative (G167D), have
changes on the cytoplasmic side. The N-terminal domain of gK directly binds to the
ectodomain of gB and can modulate its fusion activity (13, 55, 56). Moreover, deletions
in this domain (e.g., gKΔ31– 68) abolish cell fusion in the context of a gBsyn mutant, but
syncytium formation can be restored by trans-expression of the first 82 residues of gK
with the gKΔ31-68/gBsyn mutant (55). Hence, it would be interesting to know whether
trans-expression of the A40V derivative of the same peptide would induce cell fusion
in the absence of the gBsyn alteration. In any case, it is clear that mutants like gK.A40V
do not completely disassemble the cell-to-cell-spread machinery to allow unregulated
fusion by gD-gH/gL-gB, because the gKsyn phenotype is still dependent upon gM and
UL11 (32).

The only Syn mutant known to have a substitution in the cytoplasmic portions of gK
is G167D (Fig. 1A). It is possible that this change works indirectly to alter the external,
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N-terminal domain of gK to dysregulate gB activity, but it may induce fusion by another
mechanism. This substitution resides in the first of the two cytoplasmic loops (57), and
the other loop interacts with UL20 (58), which is important for virion envelopment
and transport of the proteins to the cell surface (58). UL20 also interacts with gB (13)
and can exert its own influence on the fusion machinery, as shown by UL20syn mutants
(59). Thus, it is possible that G167D acts indirectly through wild-type UL20 to subtly
alter the UL20-gB interaction and induce cell fusion. Consistent with this, G167D has the
same accessory protein requirements as the UL20syn variants (Table 2).

Differing roles for gE and gI. The heterodimeric relationship of gE and gI is well
known, and it has long been thought that these two glycoproteins function as a unit.
For instance, gE has a weak IgG binding activity, but together with gI, the complex
becomes a much more robust Fc receptor (48). Also, studies of gE- and gI-null viruses
have shown that each replicates normally on Vero cells yet forms small plaques, while
in vivo studies demonstrate that both viruses exhibit severe spreading defects (18, 49,
60), all of which was thought to be due to gE and gI working together for cell-to-cell
spread (45, 46). Thus, we were quite surprised to find that the requirements for gE and
gI differed among the Syn mutants (Table 2), suggesting that these proteins influence
the cell-to-cell spread machinery in different ways.

Prior to this study, gB.A855V was the only Syn mutant that had been examined with
regard to requirements for gE and gI, and consistent with the view that these glyco-
proteins work as a unit, both were found to be needed for cell fusion (28, 49). Thus, we
were skeptical when our experiments showed gI to be dispensable for this Syn mutant,
but the result was confirmed with an independently constructed virus. We can imagine
two possible explanations for why our result is at odds with the literature. First, because
the original mutant was made prior to BAC recombineering methods and required
several rounds of plaque purifications, it is possible that other, unintended, mutations
were present to block the Syn phenotype. The other, more likely, explanation is that our
mutants were constructed in the KOS strain, while the original mutant was constructed
in SC16 (28). Consistent with this, gI has been shown to contain a polymorphic,
7-residue, tandem repeat region in its ectodomain (61), with the number of repeats
ranging from 2 to 8. These contain similar blocks of serines and threonines (most
commonly STPSTTT), which can be utilized for O-glycosylation and hence constitute a
mucin domain (62). In the KOS strain, gI contains two repeats, whereas SC16 contains
3. Differing amounts of O-linked glycans might impact the structure of gI and perhaps
influence its relationship with gE. The polymorphic nature of gI in different strains and
its potential influence on the Syn phenotype merit further investigation.

Although dispensable for gBsyn, gKsyn, and UL20syn, our experiments clearly show
that gI is needed for the UL24syn phenotype (Table 2). Moreover, the amount of gI
present in infected cells was reduced for UL24syn mutants, and this was most striking
in the case of substitutions E99A/K101A (Fig. 1B and Fig. 3A). A reduction in gI
expression was also observed for ΔUL16/UL24.E99A/K101A, which was made from a
different parent virus (Table 1, data not shown). These observations suggest the
possibility that UL24 interacts with and stabilizes gI. This hypothetical interaction could
serve in part to regulate the virus fusion machinery indirectly via gI, but, it is possible
that UL24 has other interactions with the cell-to-cell-spread machinery, as suggested by
studies of a null mutant (63), but this has not yet been examined for point mutants such
as the E99A/K101A mutant.

After finding evidence for a potential interaction with gI, it caught our attention that
UL24 has recently been shown to antagonize the cGAS-mediated DNA-sensing signal-
ing mechanism to promote virus replication (64). In mice, the E99A/K101A mutant is
much less pathogenic than the wild type (65), but why this is the case is not obvious,
because this mutant protein alone can still block cGAS signaling (64). The experiments
described here suggest a potential explanation, namely that UL24 might normally be
moved to adjacent, uninfected cells via the cell-to-cell spread mechanism. Relevant to
this hypothesis, UL24 is expressed late during the infection (66) and has not been
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reported to be a component of the virion (67); hence, it is not delivered via cell-free
virus spread. Perhaps UL24 produced during the virion production phase is transferred
directly through lateral junctions, perhaps via exosomes, to immediately enhance the
infection of neighboring cells.

The role of UL16 in cell-to-cell spread. UL16 resides on cytoplasmic capsids and
participates in a bridging interaction with membrane-bound UL11 (41, 68). Thus, in the
absence of UL16, there is a capsid-wrapping defect, which results in virus titers that are
10% of wild type (41). UL16 also binds to the tail of gE (30, 69), but envelopment does
not require this interaction because in the absence of gE, wild-type virus titers are
produced. As shown here, UL16 is not needed for postenvelopment egress because
the percentage of virions released into the culture medium by the ΔUL16 mutant is the
same whether this protein is present (G5 cells) or not (Vero cells). However, in the
absence of UL16, cell-to-cell spreading is blocked to the same degree as when gE is
absent (90%), and the pattern of Syn mutants that require UL16 for cell fusion matches
that for gE (Table 2). Thus, it seems likely that UL16 provides its role in cell-to-cell spread
as part of the complex on the cytoplasmic tail of gE (30).

One attractive hypothesis is that gE and UL16, along with their various binding
partners (Fig. 1A), participate in the assembly and function of modified cell junctions
that promote cell-to-cell spread, but another possibility is suggested by the inability of
three Syn mutants (one each in gK, UL20, and UL24) to fuse cells, produce plaques, or
cause any sort of cytopathic effect when UL16 is absent. These viruses were found to
be capable of making virions that can infect fresh monolayers in a cell-free manner, but
in plaque assays, the cells looked healthy even after 7 days. Although the explanation
for this unexpected phenotype remains to be elucidated, there are two properties of
UL16 that raise the possibility that the innate cellular immune response might be
enhanced when this viral protein is absent. First, UL16 has been shown to traffic to
mitochondria during infection (70), and this is a known site for innate immune signaling
(71). Second, in the absence of tegument protein UL37, packaging of UL16 into virions
is reduced, suggesting a direct or indirect interaction between these two proteins. This
is relevant because UL37 has been shown to be a viral deamidase that targets RIG-I and
cGAS during HSV-1 infection, blunting the innate immune response of the cell (72, 73).
Thus, it is possible that UL16 and its network of interacting partners (including gK, UL20,
and UL24) are structural elements that are needed for defeating cellular defense
mechanisms. In this scenario, the three non-plaque-forming mutants infect cells and
make progeny viruses, but the infection does not spread because the host defenses are
robust. Vero cells do not have a functional interferon pathway (74), and thus, this
presumably does not contribute to the spreading defect. However, it has been reported
that HSV-1-infected cells produce exosomes that move in a cell-free manner to reduce
virus spreading (75, 76). Perhaps cells infected with the non-plaque-forming viruses
produce greater numbers or more potent versions of these. In any case, it is intriguing
that the UL16 interaction network has putative connections with viral proteins UL24
and UL37, both of which are involved in suppressing innate immune responses.

MATERIALS AND METHODS
Cells and antibodies. Vero cells were grown in Dulbecco’s modified Eagle’s medium (DMEM; Gibco)

supplemented with 5% fetal calf serum (FCS; HyClone), 5% fetal bovine serum (FBS; HyClone), and
131 �g/ml penicillin-streptomycin (pen/strep; Gibco). G5 cells (42) were grown in DMEM with 5% FCS, 5%
FBS, and 1 mg/ml G418 (Gibco). Infected cells were maintained in DMEM supplemented with 2% FBS and
pen/strep.

A polyclonal rabbit antibody against VP5 was provided by Richard Courtney (Penn State College of
Medicine) and was used at dilutions of 1:1,000 for immunofluorescence and 1:8,000 for immunoblotting.
The UL16 antibody was raised in rabbits against GST-UL16 and was used at a dilution of 1:2,000. Rabbit
antibodies to gE (UP1725) and gI (UP1928) were a gift from Harvey Friedman (University of Pennsylvania)
and were used at dilutions of 1:6,000 and 1:1,000, respectively (77). A horseradish peroxidase-conjugated
goat anti-rabbit IgG secondary antibody (eBioscience) was used at 1:10,000.

Viruses and BAC recombineering. All viruses were constructed in the KOS laboratory strain of HSV-1
contained within a BAC, which was a gift from David Leib (Dartmouth) (78). The two-step BAC
recombineering protocol used to generate mutant viruses has been described elsewhere (79, 80). The
ΔUL16 virus and the 8 Syn variants were previously constructed and characterized (30, 33, 41). All mutant
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viruses constructed in this study are listed in Table 1. Each virus was subjected to HindIII digestion to
verify there were no obvious genome rearrangements, and all engineered mutations were sequence
verified.

Generation of virus stocks. BAC plasmids containing the genome of HSV-1 were purified from E. coli
and transfected into Vero cells with Lipofectamine 2000 (80). At 4 to 5 days posttransfection, when
cytopathic effects were evident, the transfected cells and media were harvested and classified as
transfection stock. Transfection stock was utilized to infect fresh Vero cells, which were harvested 2 to
3 days postinfection. The cells and media went through three freeze-thaw rounds and were sonicated to
create a low-passage-number (P1) viral stock. For ΔUL16 viruses, the transfection and infection stocks
were made using G5 complementing cells to minimize the selection of second-site suppressor mutations
in the absence of UL16. Plaque assays on Vero cells revealed only tiny plaques with the ΔUL16 viruses,
indicating that the recombination frequency in G5 cells (to reinsert the UL16 gene) was too low to be
measured in our experiments.

Immunoblotting. Vero cells were infected at an MOI of 3 with each of the constructed viruses. At 18
to 20 h postinfection, cells were rinsed once with phosphate-buffered saline (PBS) and then harvested in
ice-cold radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris HCl at pH 8, 150 mM NaCl, 1% NP-40,
0.1% SDS, and 0.5% sodium deoxycholate) containing a protease inhibitor cocktail (P8340; Sigma). Nuclei
and cellular debris were pelleted out, and 4� sample buffer was added to the cellular lysates. The
samples were boiled for 5 min prior to 10% SDS-PAGE, and the separated proteins were transferred to
a nitrocellulose membrane, where they were detected with antibodies for VP5, gE, gI, and UL16 in
conjunction with the SuperSignal West Pico Plus system (Thermo).

Immunostaining of infected cells. Vero cells were seeded onto glass coverslips and infected with
viruses at an MOI of 0.001 at 37°C. After 1 h, the cells were rinsed and incubated in DMEM containing 2%
FBS at 37°C. At the indicated times postinfection, the cells were fixed for 10 min in 4% paraformaldehyde
(PFA), rinsed with PBS, permeabilized for 10 min with 0.1% Triton X-100 containing 2% bovine serum
albumin (BSA), and blocked for 1 h in PBS containing 2% BSA. Cells were incubated for 1 h with
polyclonal rabbit antibody specific for VP5 (1:1,000 dilution) in a humid chamber, rinsed 3� with PBS,
and then incubated for 1 h with an Alex 568-conjugated secondary antibody (Life Technologies) at a
1:1,000 dilution. After 3 more PBS rinses, nuclei were stained for 5 min with DAPI (Molecular Probes), and
the coverslips were mounted onto slides. Bright-field phase-contrast and fluorescent images were
captured with an Olympus IX73 inverted microscope.

For the cell-to-cell spreading assay, Vero cells were infected with the designated viruses at an MOI
of 0.001 at 37°C. After 1 h, the cells were rinsed and incubated in DMEM containing 2% FBS and 5 mg/ml
pooled human IgG (Equitech Bio). The concentration of IgG used for this assay was previously deter-
mined to neutralize all cell-free virus produced during infection (16). After 48 h, the cells were fixed in and
stained with VP5 antibodies and DAPI. The plaque areas of VP5-positive cells were measured using the
CellSens software.

Fusion assay. To measure and score syncytia, Vero cells were infected with the viruses at an MOI of
0.001 at 37°C. After 1 h, the cells were rinsed with DMEM and overlaid with a mixture of 0.5% agarose
and DMEM. The agarose overlay was composed of a 1:1 ratio of 1% low-melting-temperature agarose
(SeaPlaque) and 2� infection medium supplemented with 4% FBS. Cells were incubated at 37°C for 36 h
(the Syn variants and gI deletion/syn viruses), 42 h (gE deletion/gKsyn viruses), or 48 h (ΔUL16/gKsyn
viruses). At the indicated times postinfection, at least 30 syncytia per virus were imaged using bright-field
phase-contrast microscopy with the Olympus IX73 inverted microscope. The area of each syncytium was
subsequently measured using the Olympus CellSens software. Each individual syncytium was also
assigned a phenotypic score. A score of “syncytial” indicated that the entire area of infection consisted
of multinucleated cell. A score of “mixed” meant that the area of infection contained a syncytium with
at least 5 nuclei directly juxtaposed to lytically infected cells. Finally, a score of “lytic” meant that no fused
cells were apparent.

Virus replication assays. Six-well plates of Vero cells or G5 cells were infected with the specified
viruses at an MOI of 5 at 37°C. After 1 h, the cells were briefly rinsed with a citric acid buffer (135 mM NaCl,
10 mM KCl, 40 mM citric acid at pH 3.0) to inactivate viruses remaining on the cell surface, rinsed one
time in DMEM, and then incubated in 1 ml of DMEM plus 2% FBS. For some experiments, the infected
cells and media were harvested together at 12 and 24 h postinfection. These samples were subjected to
3 freeze-thaw rounds prior to the titer being determined via plaque assays on Vero cells. In other
experiments, only the cell media were collected to measure virus release. For the viruses lacking UL16,
titers were measured on G5 cells, except where noted.

Statistical analysis. A two-tailed Student’s t test was utilized to determine statistical significance by
using GraphPad Prism (version 8). The indicated significance values are as follows: *, P � 0.05; **, P �
0.01; ***, P � 0.001; and ****, P � 0.0001.
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