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ABSTRACT Previously, we have shown that the amino terminus of glycoprotein
K (gK) binds to the amino terminus of gB and that deletion of the amino-
terminal 38 amino acids of gK prevents herpes simplex virus 1 (HSV-1) infection
of mouse trigeminal ganglia after ocular infection and virus entry into neuronal
axons. Recently, it has been shown that gB binds to Akt during virus entry and
induces Akt phosphorylation and intracellular calcium release. Proximity ligation
and two-way immunoprecipitation assays using monoclonal antibodies against
gB and Akt-1 phosphorylated at S473 [Akt-1(S473)] confirmed that HSV-1(McKrae)
gB interacted with Akt-1(S473) during virus entry into human neuroblastoma (SK-
N-SH) cells and induced the release of intracellular calcium. In contrast, the gB
specified by HSV-1(McKrae) gKΔ31-68, lacking the amino-terminal 38 amino acids
of gK, failed to interact with Akt-1(S473) and induce intracellular calcium release.
The Akt inhibitor miltefosine inhibited the entry of McKrae but not the gKΔ31-68
mutant into SK-N-SH cells. Importantly, the entry of the gKΔ31-68 mutant but
not McKrae into SK-N-SH cells treated with the endocytosis inhibitors pitstop-2
and dynasore hydrate was significantly inhibited, indicating that McKrae gKΔ31-68
entered via endocytosis. These results suggest that the amino terminus of gK
functions to regulate the fusion of the viral envelope with cellular plasma mem-
branes.

IMPORTANCE HSV-1 glycoprotein B (gB) functions in the fusion of the viral enve-
lope with cellular membranes during virus entry. Herein, we show that a deletion in
the amino terminus of glycoprotein K (gK) inhibits gB binding to Akt-1(S473), the re-
lease of intracellular calcium, and virus entry via fusion of the viral envelope with
cellular plasma membranes.

KEYWORDS Akt, fusion, HSV-1, calcium signaling, glycoprotein B (gB), glycoprotein
K (gK)

Herpes simplex virus 1 (HSV-1) utilizes membrane fusion mediated by viral glyco-
proteins embedded within the viral envelope and expressed on infected cell

surfaces to infect a variety of cell types and facilitate the spread of infectious virions to
adjacent cells via virus-induced cell fusion, respectively (1).

HSV-1 entry mechanisms. Viral entry into cells can occur in a pH-independent
manner via fusion of the viral envelope with cellular plasma membranes (PM), resulting
in the deposition of viral capsids into the cytoplasm of infected cells. This mode of entry
has been shown to be exclusively utilized during virus entry into neuronal axons (2–4).
Also, a variety of other cell types, including African monkey kidney (Vero) cells, human
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foreskin fibroblasts, HaCat cells, and rat kangaroo kidney (PtK2) cells, appear to be
infected via direct fusion of the viral envelope with cellular plasma membranes (3, 5–8).

Alternatively, enveloped virions can enter a variety of cells by endocytosis into
early endosomes, followed by pH-dependent and -independent fusion of the viral
envelope with endosomal membranes, resulting in the release of virion capsids into
the cytoplasm of infected cells (3, 9). HSV-1 prefers pH-dependent endocytosis for
entering into CHO cells expressing nectin-1, HeLa cells, and human keratinocytes
and pH-independent endocytosis in mouse melanoma (B78C10) cells (6, 10–14). The
virus can spread from infected to uninfected cells by causing virus-induced cell
fusion, allowing virions to enter into uninfected cells without being exposed to
extracellular spaces.

Role of viral glycoproteins in virus entry. HSV-1 attaches to the cellular mem-
brane by the attachment of viral glycoprotein B (gB) and gC to the glycosaminoglycan
(GAG) moieties of cell surface proteoglycans (15, 16). Glycoprotein B can also interact
with cellular receptors, including paired immunoglobulin-like type 2 receptor alpha
(PILR), nonmuscle myosin heavy chain IIA (NMHC-IIA), and myelin-associated glycopro-
tein (MAG). Glycoprotein D binds to cellular receptors like herpesvirus entry mediator
(HVEM; also called HveA), nectin-1 (HveC), and 3-O-sulfated heparan sulfate (17–23).
Following binding of gD and gB, a conformational change that alters the conformation
of gB occurs in gH/gL, triggering membrane fusion (24–29). Virus-induced cell fusion is
thought to be mediated by a mechanism very similar to that occurring during fusion of
the viral envelope with cellular membranes, inasmuch as viral glycoproteins gD, gB, gH,
and gL and the presence of viral receptors are also required for virus-induced cell fusion
(30–33). However, virus-induced cell fusion requires the presence of additional viral
glycoproteins and membrane proteins, including gE, gI, gM, gK, and the UL20 and UL45
proteins (34–39).

Role of HSV-1 gK in membrane fusion. The UL20 and UL53 (glycoprotein K [gK])
genes are highly conserved in all alphaherpesviruses and encode proteins of 222 and
338 amino acids, respectively, each of which has four membrane-spanning domains
(40–44). HSV-1 gK and UL20 interact functionally and physically, and these interactions
are necessary for their coordinate intracellular transport, cell surface expression, and
functions in virus-induced cell fusion, virus entry, virion envelopment, and egress from
infected cells (37, 38, 43, 45–53). The gK/UL20 protein complex interacts with gB and gH
and is required for gB-mediated cell fusion (39, 54). HSV-1 gK is a structural component
of virions and functions in virion entry (50, 55, 56). Deletion of amino acids 31 to 68
within the amino terminus of gK (producing the gKΔ31-68 mutant) inhibits virus-
induced cell-to-cell fusion and virus entry without drastically inhibiting virion envelop-
ment and egress. We have shown that gK is essential for neuronal infection and
virulence (57, 58). In addition, we have recently shown that HSV-1(McKrae) gKΔ31-68,
specifying gK with a deletion of amino acids 31 to 68, was unable to efficiently infect
mouse trigeminal ganglia after ocular infection of scarified mouse eyes (59). These
results indicate that the amino terminus of gK plays a pivotal role in corneal infection
and neuroinvasiveness (58, 59).

Role of cell signaling in membrane fusion. Akt is a serine/threonine kinase involved
in important cellular signaling pathways (60). There are three isoforms of Akt: Akt-1,
Akt-2, and Akt-3 (61–66). Although these isoforms are encoded by different genes, they
share an N-terminal pleckstrin homology domain, a kinase domain, and a C-terminal
regulatory domain (65). In this work, we focus on Akt-1, because it is the predominant
isoform of Akt expressed ubiquitously, while Akt-2 and Akt-3 expression is limited to
insulin-responsive tissues and brain or testes, respectively (67). Signaling through
plasma membrane-embedded receptors activates the phosphoinositide 3-kinase (PI3K)
signaling pathway, causing recruitment of Akt-1 to plasma membranes, where it is
activated via phosphorylation at S473 and T308 (68–73). Herpesviruses express several
proteins that alter the PI3K/Akt signaling pathway, which regulates cell survival, growth,
apoptosis, inflammation, cell motility, calcium signaling, etc. (74). These regulatory
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mechanisms can influence viral entry, replication, latency, and reactivation of HSV-1 (75,
76). Recently, it was shown that herpesvirus glycoprotein B activates Akt by phosphor-
ylation and that gB physically interacts with Akt during virus entry (77). Herpesvirus
infection also induces an intracellular calcium response (78). Binding of glycoprotein H
(gH) of equine herpesviruses (EHV) to cellular integrin (�4�1) triggers intracellular
calcium signaling and phosphatidylserine (PS) exposure on the plasma membrane to
facilitate EHV-1 entry (79). Furthermore, Akt silencing or the Akt inhibitor miltefosine
inhibited calcium signaling and virus entry into cells (77).

In this report, we show that gK is required for entry via fusion of the viral envelope
with cellular membranes. The underlying mechanism involves a role for gK in the
regulation of intracellular calcium release, and expression of the version of Akt-1
phosphorylated at serine residue 473 [Akt-1(S473)] on cell surfaces is required for
binding to gB during virus entry.

RESULTS
The gK�31-68 mutation causes decreased sensitivity to miltefosine-mediated

inhibition of virus entry. Previous work has shown that the Akt inhibitor miltefosine
prevents HSV entry into cells (77). Miltefosine mimics the PH domain of Akt and blocks
the recruitment of Akt to the inner leaflet of the plasma membrane (80). To confirm
these findings, we tested whether Akt is important for HSV-1 entry using miltefosine.
Nearly confluent monolayers of Vero cells were pretreated for 15 min with increasing
doses of miltefosine, and virus entry experiments were performed as described in
Materials and Methods. Miltefosine at concentrations of 200 �M and higher was toxic
to Vero cells, while up to 100 �M the drug was well tolerated. As expected, the McKrae
wild-type (WT) strain was inhibited in a dose-dependent manner, with more than 90%
inhibition being achieved at 100 �M miltefosine. Surprisingly, gKΔ31-68 mutant entry
was not inhibited (Fig. 1A). The effect of miltefosine on virus entry was also tested in
SK-N-SH cells using the proximity ligation assay (PLA) for virus entry (see Materials and
Methods). Single plaque assays reflecting each incoming virus cannot be performed on
SK-N-SH cells, since they do not allow easily visible plaque formation. A miltefosine
concentration of 50 �M and higher was toxic to the SK-N-SH cells, while at concen-
trations of up to 30 �M there were no apparent toxic effects observed. Briefly, PLA
reveals the deposition of capsids into the cytoplasm of infected cells by detecting the
interaction of the HSV-1 UL37 protein with dynein, while cell surface-bound virions are
detected via the interaction of gD with nectin-1 (81). Both viruses attached to cell
surfaces equally well; however, at the maximum concentration of miltefosine tested (30
�M, since 100 �M miltefosine was toxic to SK-N-SH cells), McKrae wild-type virus entry
was drastically inhibited, while gKΔ31-68 virus entry was unaffected (Fig. 1B).

The gK�31-68 mutation inhibits gB binding to Akt-1(S473). Previous work has
shown that gB binds to Akt and Akt is required for virus entry (77). The ability of HSV-1
gB to bind the Akt-1(S473) specified by the gKΔ31-68 mutant virus was tested using the
proximity ligation assay (PLA) and a two-way coimmunoprecipitation assay. We focused
on the detection of Akt-1(S473) due to the availability of highly reactive Akt-1(S473)
antibody (see Materials and Methods). PLA using specific antibodies against Akt-1(S473)
and gB detected a close association of gB and Akt-1(S473) in McKrae-infected but not
in McKrae gKΔ31-68-infected SK-N-SH cells at 1 h postinfection (hpi) at a multiplicity of
infection (MOI) of 10 (Fig. 2A).

To support the results from the PLA, two-way coimmunoprecipitation assays were
performed using anti-gB and anti-Akt-1 monoclonal antibodies, and the presence of gB
and Akt-1 in immunoblots of infected SK-N-SH cell lysates and in immunoprecipitates
was detected with either anti-gB or anti-Akt-1 antibody. Similar amounts of gB were
detected in either McKrae- or gKΔ31-68 mutant-infected lysates, with gB appearing as
a two major protein species migrating with apparent molecular masses of 130 and 120
kDa, most likely representing the high-mannose precursor and the fully glycosylated
species, respectively, as we have reported previously (54, 81, 82). Similar amounts of
Akt-1(S473) were detected in both McKrae- and gKΔ31-68 mutant-infected SK-N-SH cell

HSV-1 gK Facilitates Akt-Dependent Virus Entry Journal of Virology

March 2018 Volume 92 Issue 6 e01842-17 jvi.asm.org 3

http://jvi.asm.org


FIG 1 Effect of an Akt inhibitor on HSV-1 entry. (A) Vero cells were treated with a series of dilutions of
the Akt inhibitor miltefosine (labeled Akt inhibitor) for 15 min and then adsorbed with McKrae and
McKrae gKΔ31-68 (100 PFU) for 1 h at 4°C. After incubation at 37°C for 48 h, the plaques (the number
of PFU) were counted using crystal violet staining. *, P � 0.05 between McKrae and gKΔ31-68 viruses; ***,
P � 0.001 versus no-drug-treated control; ns, no significance versus no-drug-treated control. Statistical
comparison was conducted by GraphPad Prism software using ANOVA with a post hoc t test with the
Bonferroni adjustment. Bars represent 95% confidence intervals about the means. (B) SK-N-SH cells were
treated with miltefosine for 15 min and infected with McKrae or McKrae gKΔ31-68 (MOI � 10) for 1 h at
37°C, and the proximity ligation assay (PLA) was performed. Confocal microscopy was used to detect
bright red spots, which indicate an interaction between two proteins after drug treatment, at a
magnification of �63 with oil immersion. The interaction between UL37 (capsid protein) and dynein
(cellular protein) was used as a measure of entry of the virus. The interaction between gD and nectin-1
was used as a positive PLA control in this experiment. DAPI was used to stain the nuclei of the cells.

Musarrat et al. Journal of Virology

March 2018 Volume 92 Issue 6 e01842-17 jvi.asm.org 4

http://jvi.asm.org


lysates; however, the overall levels of Akt-1(S473) were substantially higher in infected
cells than in uninfected cells, indicating that both viruses induced Akt-1 phosphoryla-
tion equally well. Anti-gB antibody detected the presence of gB in anti-Akt-1(S473)
immunoprecipitates of McKrae-infected SK-N-SH cellular lysates at 1 hpi; however, a
substantially smaller amount of gB was detected in the immunoprecipitate from
gKΔ31-68 mutant-infected cellular lysates. Similarly, the anti-Akt-1 antibody detected
Akt-1 in anti-gB immunoprecipitates of McKrae- but not gKΔ31-68 mutant-infected
SK-N-SH cell lysates (Fig. 2B).

The gK�31-68 mutation fails to induce the release of intracellular calcium.
Intracellular free calcium regulates a variety of cellular processes, including sperm-egg
fusion, contraction, secretion, cell growth, and apoptosis (83). Previous work indicated
that HSV-1 infection triggers the release of intracellular calcium, which is required for
virus entry (77, 84). Inhibition of Akt prevents calcium release and HSV-1 entry (77). To
test whether the McKrae and gKΔ31-68 viruses triggered intracellular calcium release,
we utilized the calcium indicator Fura-2-acetoxymethyl ester (Fura-2AM), which binds
free calcium in the cytosol immediately following infection with gradient-purified
virions. The relative amount of calcium was calculated every minute over the 1-h time

FIG 2 Interaction between gB and Akt-1(S473). (A) Proximity ligation assay showing the interaction
between gB and Akt-1(S473) in McKrae- and McKrae gKΔ31-68-infected SK-N-SH cells at 1 h postinfection
at an MOI of 10. The gD–nectin-1 interaction was used as a positive control, and the gD–Akt-1(S473)
interaction was used as a negative control. Confocal microscopy was used to detect the bright red spots
that suggest the interaction between two proteins. DAPI was used to stain the nuclei of the cells.
Magnifications, �63 with oil immersion. (B) Two-way immunoprecipitation (IP) showing the gB–Akt-
1(S473) interaction in McKrae and McKrae gKΔ31-68 virus-infected (MOI � 10) SK-N-SH cell lysates.
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period of virus entry at 37°C, and the average values are presented (see Materials and
Methods). The McKrae wild-type virus triggered almost 14 and 20 times higher levels of
calcium release than the gKΔ31-68 mutant virus in Vero and SK-N-SH cells, respectively
(Fig. 3A and B).

The gK�31-68 mutation fails to cause PS and Akt-1(S473) expression on
infected Vero cell surfaces. Intracellular calcium activates flippase (scramblase) en-
zymes, which function in flipping the inner leaflet to the outer leaflet of the plasma
membrane (PM). Phosphatidylserine (PS) resides on the inner leaflet of the PM (85).
Therefore, the presence of PS on cell surfaces is indicative of membrane flipping (85).
Although Akt is a cytosolic protein, Akt is recruited to the inner leaflet of the membrane
by phosphatidylinositol (3,4,5) triphosphate (PIP3)/PH domain binding. The PH domain
of Akt is responsible for the anchoring (80). Previous work suggested that equine
herpesvirus 1 (EHV-1) infection of epithelial cells triggers exposure of PS from the inner
leaflet of the plasma membrane to the outer surface (79). We investigated whether
HSV-1 infection causes expression of PS on infected Vero cell surfaces. Vero cells were
adsorbed with both McKrae and gKΔ31-68 viruses at 4°C for 1 h, and then infected cell
cultures were shifted to 37°C for 5 min. Fluorescein isothiocyanate (FITC)-conjugated
annexin V staining of PS showed that McKrae wild-type virus infection caused expres-
sion of PS on cell surfaces (Fig. 4A). Specifically, there was at least a 3-fold higher level
of PS expression in McKrae-infected cells than gKΔ31-68 mutant-infected cells, as
revealed by quantitative analysis of the fluorescent signals (Fig. 4B).

Both the McKrae and gKΔ31-68 viruses caused phosphorylation of Akt-1 at S473 (Fig.
2B), indicating that Akt-1 was efficiently associated with the inner leaflet of the plasma
membrane, since Akt-1 phosphorylation occurs after Akt-1 is bound to plasma mem-
branes (80). The previous results obtained with PS indicated that the gKΔ31-68 mutant
failed to flip inner leaflet lipids to the outer membrane leaflet. We tested whether the
inability of the gKΔ31-68 mutant to flip PS from the inner to the outer membrane leaflet
was also true for Akt-1. Vero cells were infected with either McKrae VP26-enhanced
green fluorescent protein (EGFP) or gKΔ31-68 mutant VP26-EGFP at 37°C for 30 min. To
detect the cell surface expression of Akt-1, infected Vero cells were reacted with rabbit
anti-Akt-1 antibody under live conditions for 30 min at 37°C. Subsequently, the cells
were washed, fixed with formalin, and reacted with goat anti-rabbit immunoglobulin

FIG 3 HSV-1 triggers intracellular calcium release. Vero cells (A) and SK-N-SH cells (B) were grown in a
96-well black clear-bottom plate and treated with Fura-2AM (25 �M) for 30 min at 37°C. After washing,
the cells were adsorbed with purified McKrae and McKrae gKΔ31-68 (both at an MOI of 10) at 4°C for 1
h and then shifted to 37°C to measure the absorbance every minute over an hour. The ratio of bound
to unbound dye (340/380 nm) was measured, the intracellular calcium concentration was calculated, and
the average values are presented. Ionomycin was used as a positive control, and 1� PBS was used as a
negative control. ***, P � 0.001 versus the PBS control; ns, no significance versus the PBS control.
Statistical comparison was conducted by GraphPad Prism software using ANOVA with a post hoc t test
with the Bonferroni adjustment. Bars represent the 95% confidence intervals about the means.
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antibody conjugated to Alexa Fluor 594. To validate the experimental conditions used
to detect cell surface-expressed Akt-1, antidynein antibody was reacted with Vero cells
under live conditions for 30 min at 37°C, immediately followed by formalin fixation. As
expected, the antidynein antibody failed to react with dynein under these conditions,
indicating that the antidynein antibody did not enter into cells during the 30-min
incubation at 37°C. In contrast, the antidynein antibody reacted efficiently with dynein
when the cells were fixed and permeabilized with methanol. The emission of fluores-
cence by viral VP26-EGFP was used to detect the presence of virions. Whole-cell Akt-1
expression was similarly detected with anti-Akt-1 antibody after cellular permeabiliza-
tion and fixation with methanol (Fig. 5A to C) (see Materials and Methods). These
experiments revealed that the gKΔ31-68 mutant failed to translocate Akt-1 to infected
cell surfaces.

FIG 4 Phosphatidylserine exposure on cell surface. (A) Vero cells were adsorbed with either McKrae or
McKrae gKΔ31-68 at an MOI of 10 for 1 h at 4°C, and then the 8-well chamber slides were shifted to 37°C
for 5 min. Cells were live stained with FITC-conjugated annexin V to detect phosphatidylserine on the
surface. Fluorescent (FITC), phase-contrast, and merged images of the infected and uninfected control
Vero cells are presented. A fluorescence microscope was used to take the images. Magnifications, �40.
(B) The number of cells labeled by FITC-conjugated annexin V per area of 100 mm2 was counted. Values
were normalized to those for the uninfected control wells. Statistical comparison was conducted by
GraphPad Prism software using Student’s t test. Bars represent the 95% confidence intervals about the
means. A comparison was made between the viruses.
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FIG 5 Akt-1(S473) exposure on the cell surface. (A) Vero cells were infected with either McKrae VP26-EGFP or McKrae
gKΔ31-68 VP26-EGFP at an MOI of 10 for 30 min at 37°C and were then reacted with rabbit anti-Akt-1(S473) antibody
(1:100) under live conditions for 30 min at 37°C. After acid washing, the cells were formalin fixed and stained with
anti-rabbit immunoglobulin antibody conjugated with Alexa Fluor 594 (red) and plasma membrane stain (purple).
The slides were mounted with mounting medium with DAPI (cyan). (B) (Top) Vero cells were either reacted with
mouse antidynein antibody and formalin fixed (left) or fixed and permeabilized with methanol and reacted
with mouse antidynein antibody for 30 min at 37°C (right). (Bottom) Cells were washed with PBS and stained with
anti-mouse immunoglobulin antibody conjugated with Alexa Fluor 594 (red) and were mounted with mounting
medium with DAPI. (C) Vero cells were infected with either McKrae VP26-EGFP or McKrae gKΔ31-68 VP26-EGFP for
an hour at 37°C and then fixed and permeabilized with methanol. After washing, the cells were reacted with rabbit
anti-Akt-1(S473) antibody for 30 min at 37°C and stained with anti-rabbit immunoglobulin antibody conjugated with
Alexa Fluor 594 (red). The slides were mounted with mounting medium with DAPI. Confocal microscopy was used
to take the images. Magnifications, �63 with oil immersion.

Musarrat et al. Journal of Virology

March 2018 Volume 92 Issue 6 e01842-17 jvi.asm.org 8

http://jvi.asm.org


The gK�31-68 mutation forces virus entry via endocytosis. Recently, it was
shown that a lack of intracellular calcium release and scramblase activity caused EHV-1
to enter into cells via endocytosis instead of fusion of the viral envelope with cellular
plasma membranes (79). Therefore, we tested the ability of the endocytosis inhibitors
pitstop-2 and dynasore hydrate (79, 86, 87) to inhibit McKrae and gKΔ31-68 virus entry
into SK-N-SH and Vero cells. Pitstop-2 and dynasore hydrate were used at concentra-
tions of up to 50 and 80 �M, respectively, for Vero cells, since higher concentrations (75
and 100 �M, respectively) were toxic for Vero cells. For SK-N-SH cells, the corresponding
nontoxic concentrations used were 30 �M (pitstop-2) and 80 �M (dynasore hydrate),
since concentrations higher than 50 �M (pitstop-2) and 100 �M (dynasore hydrate)
were toxic to SH-N-SH cells.

Pitstop-2 blocks clathrin, which coats the endocytic vesicle, and dynasore hydrate is
an inhibitor of dynamin, which creates a nick to release the endosome to the cytoplasm
(86, 87). SK-N-SH cells were treated with both drugs for 15 min at 37°C and then
infected with either McKrae or gKΔ31-68 viruses. An MOI of 10 was used for SK-N-SH
cells. Virus entry was detected using PLA following 1 h of infection in the case of
SK-N-SH cells, as described previously (81), Briefly, PLA detects the deposition of capsids
into the cytoplasm of infected cells by detecting the interaction of the HSV-1 UL37
protein with dynein, while cell surface-bound virions are detected via the interaction of
gD with nectin-1 (81). Similar numbers of McKrae and gKΔ31-68 virions were attached
to SK-N-SH cells, as detected by PLA (Fig. 6A). Treatment of cells with either pitstop-2
(30 �M) or dynasore hydrate (80 �M) reduced the number of virions detected within
the cytoplasm of SK-N-SH cells, while the combined use of both inhibitors (pitstop-2 at
30 �M plus dynasore hydrate at 80 �M) substantially reduced the number of gKΔ31-68
virus capsids detected within SK-N-SH cells but not McKrae-infected SK-N-SH cells (Fig.
6A). Similarly, when Vero cells were treated with the same drugs and infected with both
the McKrae and gKΔ31-68 viruses for 48 h at 37°C at 100 PFU, a dose-dependent
reduction in the number of plaques was observed in the case of the gKΔ31-68 mutant
but not in the case of the McKrae wild-type virus (Fig. 6B).

DISCUSSION

HSV-1 has been shown to enter into neuronal axons exclusively via fusion of the viral
envelope with the synaptic axonal membrane, mediated by viral glycoprotein B (gB).
This fusion event leads to the deposition of virion capsids that are subsequently
transported in a retrograde manner to the neuronal cell bodies (2). However, HSV-1 can
enter into different cells via either fusion of the viral envelope with cellular plasma
membranes or endocytosis of the enveloped particle into early endosomes, where they
can be released presumably via fusion of the viral envelope with endosomal mem-
branes. This fusion event is facilitated by the low-pH environment within endosomes
that triggers gB-mediated fusion. We have recently shown that the amino terminus of
HSV-1 glycoprotein K (gK) interacts with gB and regulates gB-mediated entry into
neuronal axons and subsequent infection of ganglionic neurons, required for estab-
lishment of latency (39). Herein, we show for the first time that virions unable to enter
into neuronal axons can enter into Vero cells and SK-N-SH neuronal cells via endocy-
tosis. Moreover, we show that binding of gB to Akt-1 phosphorylated at S473 on the
plasma membrane is associated with the ability of the virus to enter via fusion at the
plasma membrane. These results identify gK to be a regulator of entry via fusion of the
viral envelope with cellular plasma membranes.

HSV-1 gK is required for Akt binding, intracellular calcium release, phospha-
tidylserine and Akt translocation to the outer plasma membrane leaflet, and
fusion of the viral envelope with cellular plasma membranes. The mechanism by
which gB mediates membrane fusion during virus entry, as well as in cell-to-cell fusion,
remains enigmatic. The prevalent hypothesis is that the initial binding of gD to the
cellular receptor nectin-1 or HVEM triggers a conformational change in gH/gL that
ultimately triggers gB’s fusogenicity (28). Conventional fusion models call for the
juxtaposition of hydrophobic segments of the fusion protein within the apposed
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membrane, which leads to the creation of a membrane pore, which subsequently
expands and merges the apposed membranes (29). Previous work by the Herold
laboratory showed that gB can bind to Akt-1 phosphorylated at S473 during virus entry
(77). Furthermore, phosphorylated Akt was hypothesized to be flipped to the outside
membrane leaflet by scramblase, which can flip the inner membrane leaflet to the outer
surface. The observed inability of the gKΔ31-68 virus to induce PS and Akt-1 translo-
cation to the outer plasma membrane leaflets suggests that scramblase may not be
activated. Presumably, scramblase is triggered via intracellular calcium release (84).

FIG 6 Endocytosis assay. (A) SK-N-SH cells were treated with no drug, 30 �M pitstop-2, or 80 �M
dynasore hydrate or with 30 �M pitstop-2 plus 80 �M dynasore hydrate in combination for 30 min at
37°C. Cells were infected with either McKrae or McKrae gKΔ31-68 for 1 h at an MOI of 10 at 37°C and then
prepared for PLA. The UL37-dynein interaction was used as a measure of entry of the viral capsid into the
cell, and the gD–nectin-1 interaction was used as a PLA control. Confocal microscopy was used to detect
the bright red spots that suggest the interaction between two proteins. DAPI was used to stain the nuclei
of the cells. Magnifications 63� with oil immersion. (B) Vero cells were treated with combined doses of
pitstop-2 at 10, 20, 30, or 50 �M (P10, P20, P30 and P50, respectively) and dynasore hydrate at 80 �M
(D80) for 30 min at 37°C and then infected with 100 PFU the McKrae or McKrae gKΔ31-68 virus for 1 h
at 37°C (without washing the drug off). After infection, the wells were washed with PBS and methylcel-
lulose was added. The plaques (the numbers of PFU) were counted using crystal violet staining after 48 h.
*, P � 0.05 versus the no-drug-treated control (ND); ***, P � 0.001 versus the no-drug-treated control.
Statistical comparison was conducted by GraphPad Prism software using ANOVA with a post hoc t test
with the Bonferroni adjustment. Bars represent the 95% confidence intervals about the means.
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Previously, we have shown that gK binds to the amino terminus of gB and gH (54).
Furthermore, previous results with EHV-1 have indicated that gH/gL binding to integrin
�V is responsible for intracellular calcium release (79). Therefore, it is conceivable that
destabilization of the gB/gH/gL/gK fusion complex may inhibit the triggering of calcium
release by gH/gL. It is also possible that the lack of the amino terminus of gK alters the
ability of gB to bind Akt-1(S473) in plasma membranes, since the amino terminus of gK
binds to the amino terminus of gB. Alternatively, the amino terminus of gK may also
bind cell surface-expressed integrins, causing intracellular calcium release. Additional
experimentation is needed to clarify the role of gK and other viral glycoproteins in
intracellular calcium release through engagement of cellular receptors.

It is widely accepted that HSV-1 enters into a variety of cells either by endocytosis
of enveloped capsids or by fusion of the viral envelope with cellular membranes, or by
both methods. We show here that endocytosis of enveloped virions utilizes a clathrin-
mediated mechanism, while the fusion of viral envelopes with cellular plasma mem-
branes is associated with binding to phosphorylated Akt and intracellular calcium
release (Fig. 7). It is apparent that the inability of the gKΔ31-68 mutant to induce
intracellular calcium release leads to inhibition of Akt-1 translocation from the inner
leaflet to the outer leaflet of plasma membranes, resulting in the observed lack of
interaction with gB.

HSV-1 gK’s role has remained controversial over the years largely due to the fact that
gK mutant viruses can enter into cells and replicate, albeit at highly reduced efficiencies
(39). However, there is a plethora of evidence that gK and its interacting protein, UL20,
play important roles in membrane fusion, exemplified by the fact that the gK gene is
the locus of multiple mutations (40, 88–90) that cause extensive virus-induced cell
fusion and that gK has been shown in our laboratory to be required for virus entry into
neuronal axons (59). The fact that gK and UL20 are highly conserved among all
alphaherpesviruses that have the predilection of infecting neurons via their axonal
termini suggests that gK plays a crucial role in gB-mediated fusion events.

We have hypothesized and herein provide evidence that gK functions in mediating
fusion between the viral envelope and cellular membranes, as well as in cell-to-cell
fusion. gKΔ31-68 and gK-null viruses can enter into other than neuronal axonal

FIG 7 Model of HSV-1 entry into host cells. The schematic shows the molecules involved in HSV-1 entry via either endocytosis or fusion
between the viral envelope and the cellular plasma membrane as well as the intracellular signaling that may be involved with these
two entry pathways.
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compartments via endocytosis, where the low pH of endosomes can trigger fusion of
the viral envelope with endosomal membranes, releasing the virion into the cytoplasm
without the need for the regulation provided by the presence of gK. HSV-1 entry into
neuronal axons via fusion of the viral envelope with synaptic axonal membranes
appears to be a highly regulated process in which gK plays a crucial role. An obvious
explanation is that this exquisite mechanism of highly regulated virus entry is important
not only for ensuring the successful entry of virions into the axoplasm of neurons but
also for inducing the downstream signaling events that ensure the successful move-
ment of virions in a retrograde manner and preparation of the neuronal cell as an
optimum host for the establishment of viral latency.

Virus-cell fusion is known to trigger innate antiviral immune responses. Specifically,
it has been reported that virus-cell fusion stimulated a type I interferon (IFN) response
characterized by expression of IFN-stimulated genes (ISGs), engagement of Toll-like
receptor 7 and 9 signaling, and in vivo recruitment of leukocytes (91). Apparently,
intracellular calcium is induced during virus-cell fusion, as well as by fusogenic lipo-
somes. Inhibition of calcium signaling abrogated IFN responses to HSV-1 entry (92, 93).
These results suggest that virus-cell fusion and subsequent calcium signaling cause an
innate immune response substantially different from that induced by virus entry via
endocytosis. We have recently shown that intracellular vaccination of mice with the
HSV-1(VC2) attenuated virus that contains the gKΔ31-68 mutation elicits strong hu-
moral and cellular immune responses that protect mice against both HSV-1 and HSV-2
lethal, intravaginal challenge (94, 95), as well as ocular challenge with the human ocular
clinical strain HSV-1(McKrae) (S. Naidu and K. G. Kousoulas, unpublished data). It is
unclear at this point whether endocytotic entry abrogates the IFN response attributed
to virus-cell fusion and the mechanism(s) by which this entry pathway leads to
enhanced anti-HSV humoral and cellular immune responses. These topics are subject to
ongoing investigations.

MATERIALS AND METHODS
Cell lines and viruses. African green monkey kidney (Vero) cells and cells of the SK-N-SH (HTB11)

neuroblastoma cell line were obtained from the American Type Culture Collection (Manassas, VA) and
were maintained in either Dulbecco’s modified Eagle’s medium or essential modified Eagle’s medium
(Gibco-BRL, Grand Island, NY) supplemented with 10% fetal calf serum and antibiotics, respectively.
HSV-1 strain McKrae and McKrae gKΔ31-68 viruses were mostly used in this study. For some experiments,
McKrae virus VP26-EGFP and McKrae gKΔ31-68 virus VP26-EGFP were used. McKrae gKΔ31-68 was
engineered in our lab to express gK lacking the 38 amino acids immediately after the gK signal sequence
and was cloned as a bacterial artificial chromosome, as described previously (59). McKrae virus VP26-
EGFP and McKrae gKΔ31-68 virus VP26-EGFP were also constructed in our lab.

Reagents and antibodies. The primary antibodies used were as follows: mouse anti-gB antibody
(Abcam), mouse anti-gD antibody (Abcam), rabbit anti-Akt-1(S473) antibody (Abcam), rabbit anti-
nectin-1 antibody (Santa Cruz), rabbit anti-UL37 antibody (a gift from Frank J. Jenkins, University of
Pittsburgh Cancer Institute), and mouse antidynein antibody (Abcam). Pitstop-2 was obtained from
Abcam. Fura-2AM (catalog number AS-84015) was obtained from Anaspec. Miltefosine (catalog number
sc-203135) was obtained from Santa Cruz Biotechnology, and dynasore hydrate was obtained from
Sigma. An annexin V-FITC fluorescence microscopy kit was obtained from BD Bioscience. A Duolink in situ
red starter kit mouse/rabbit was obtained from Sigma. Cell mask deep red plasma membrane stain was
obtained from Thermo Fisher, and goat anti-rabbit immunoglobulin antibody conjugated with Alexa
Fluor 594 was used as a secondary antibody.

Virus purification. Both the McKrae (WT) and the McKrae gKΔ31-68 viruses were purified as we have
described earlier (96). Briefly, supernatants and cells from 6 T-150 flasks of Vero cells infected with the
McKrae (WT) and McKrae gKΔ31-68 viruses were collected at 36 h postinfection (hpi) and purified twice
by the use of 50 to 20% discontinuous iodixanol gradients, followed by a 20% iodixanol cushion. The
resulting pellet was resuspended in 250 �l of phosphate-buffered saline (PBS) and used for the calcium
assay.

Drug assay. Vero cells were treated with drugs for 15 min at 37°C, and then the viruses (100 PFU)
were adsorbed at 4°C for an hour. Unbound viruses and unabsorbed drug were washed with PBS, and
fresh media with methylcellulose were added onto the cells. The plates were incubated at 37°C for 48 h,
and plaques were counted after being fixed with formalin and stained with crystal violet. In the case of
SK-N-SH cells, drug treatment was done for 15 min, infection was done at an MOI of 10, and at 1 h
postinfection the 8-well chamber slides were prepared for the respective PLA. Images were taken under
a confocal microscope at a �63 magnification with oil immersion.

Proximity ligation assay (PLA). SK-N-SH cells were grown on 8-well chamber slides (Nunc Lab-Tek
II chamber slide system) and infected with the McKrae wild-type and McKrae gKΔ31-68 viruses at an MOI
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of 10. At 1 h postinfection, the cells were fixed and permeabilized with ice-cold methanol for 10 min at
�20°C. After three washes with PBS, the samples were blocked for 2 h at 37°C with Duolink blocking
buffer in a humidity chamber. Primary antibodies that were raised in two different species were diluted
in antibody diluting buffer and added to the samples, and the samples were incubated overnight at 4°C.

Mouse anti-gD antibody (Abcam) and rabbit anti-nectin-1 antibody (Santa Cruz) were used for gD
and nectin-1 (positive control) detection, respectively. Mouse anti-gB (Abcam) and rabbit anti-Akt-
1(S473) (Abcam) antibodies were used for HSV-1 McKrae wild type- and McKrae gKΔ31-68-infected cells
to detect the gB–Akt-1(S473) interaction. Mouse antidynein antibody against intermediate chain I
(Abcam) and rabbit anti-UL37 antibody (a gift from Frank J. Jenkins, University of Pittsburgh Cancer
Institute) were used for dynein/UL37 detection as a measure of entry in the endocytosis assay.

Unbound primary antibodies were removed by washing with 1� Tris-buffered saline (TBS)–Tween 20
(0.05%) (TBST) three times for 5 min each time. Duolink anti-rabbit plus and anti-mouse minus in situ
proximity ligation assay (PLA) probes were added to the samples (1:5 dilution) and incubated at 37°C for
1 h. After the incubation step, washes were done with 1� TBST twice for 5 min each time. The ligation
stock was diluted 1:5 in high-purity water and added to the wells (40 �l), and the slides were incubated
at 37°C for 30 min. The slides were washed with buffer A (Duolink II kit; Sigma-Aldrich, Inc.) three times
for 5 min each time, amplification solution (40 �l) was added, and the slides were incubated for 1.5 h at
37°C. Subsequently, the slides were washed with wash buffer B twice for 10 min each time and once with
0.01% buffer B (Duolink II kit). The slides were mounted with mounting medium (Duolink II), stored at
�20°C, and protected from light until confocal images were taken. The confocal images were taken using
a 60� objective on an Olympus Fluoview FV10i confocal laser scanning microscope.

Immunoprecipitation and immunoblot assays. SK-N-SH cells were infected with the McKrae
wild-type and McKrae gKΔ31-68 viruses at an MOI of 10. At 1 hpi, the infected cells were lysed with NP-40
cell lysis buffer (Life Technologies) supplemented with protease inhibitor tablets (Roche). The samples
were centrifuged at 13,000 rpm for 10 min at 4°C. Subsequently, the supernatants were used for
immunoprecipitation. The proteins from virus-infected cells were immunoprecipitated using protein G
magnetic Dynabeads according to the manufacturer’s instructions (Invitrogen). Briefly, the beads were
bound to their respective antibodies and left on a nutator for 10 min, followed by the addition of cell
lysates. The lysate-bead mixture was kept on the nutator for 10 min at room temperature and
subsequently washed three times with phosphate-buffered saline (PBS). The protein was eluted from the
magnetic beads in 40 �l of elution buffer and used for immunoblot assays. Sample buffer containing 5%
�-mercaptoethanol was added to the protein, and the mixture was heated at 55°C for 15 min. Proteins
were resolved in a 4 to 20% SDS-PAGE gel and immobilized on nitrocellulose membranes. For Western
immunoblot assays, subconfluent SK-N-SH cells were infected with the indicated viruses at an MOI of 10
for different times, as mentioned elsewhere in the article. The cells were lysed with NP-40 lysis buffer, and
the lysate was used for Western immunoblot assays. Immunoblot assays were carried out using
monoclonal mouse anti-gB antibody (Abcam), rabbit anti-Akt-1(S473) antibody (Millipore), horseradish
peroxidase (HRP)-conjugated goat anti-mouse immunoglobulin antibodies against the light chain (Fab)
and heavy chain (Fc) (Abcam, Inc., Cambridge, MA), and HRP-conjugated goat anti-rabbit immunoglob-
ulin antibody (Abcam, Inc., Cambridge, MA).

Calcium signaling assay. Vero and neuroblastoma (SK-N-SH) cells were grown in 96-well black
clear-bottom plates overnight. The cells were washed twice with PBS and incubated with a calcium
indicator (Fura-2AM) dye solution (25 �M) at 37°C for 30 min. The cells were washed twice with PBS and
kept on ice for 5 min. The cells were infected with purified viruses at an MOI of 10 in PBS, while PBS alone
was added to mock-infected cells, and the cells were incubated at 4°C for an hour for adsorption. Then,
the fluorescence was measured every minute for an hour by use of a SpectraMax M2 microplate reader,
which was set at 37°C. The excitation and emission wavelengths for Fura-2AM were 340/380 nm and 510
nm, respectively, and the intracellular calcium concentration was measured by calculation of the ratio of
bound to unbound dye following the equation mentioned elsewhere (77). The individual calcium
concentrations (60 time points) over the 1-h time period were used to produce an overall average value
of intracellular calcium concentration.

PS detection on cell surface. Vero cells were grown on 8-well chamber slides, adsorbed with both
the McKrae and McKrae gKΔ31-68 viruses at an MOI of 10 at 4°C for 1 h, and shifted to a temperature
of 37°C for 5 min. Then, the cells were washed twice with 1� PBS and once with 1� annexin binding
buffer. Then, the cells were stained with FITC-annexin V for 5 min at room temperature. After this, images
were immediately taken. A 40� objective lens was used. Six different areas of 480 mm2 each were
randomly chosen from each well, and then the green signal was counted. Each sample was tested in
triplicate. Each value was converted to 100 mm2, and the average value was taken for making the graph.

Akt-1(S473) detection on the cell surface. Vero cells were grown on 8-well chamber slides and
infected with both the McKrae VP26-EGFP and gKΔ31-68 VP26-EGFP viruses at an MOI of 10 at 37°C, and
after 30 min, rabbit anti Akt-1(S473) antibody (1:100) was added under live conditions and the mixture
was incubated for 30 min at 37°C. Subsequently, the cells were washed with 1� PBS, fixed with formalin,
and reacted with goat anti-rabbit IgG conjugated with Alexa Fluor 594 (red) for 1 h at 37°C. Cell mask
deep red plasma membrane stain was added to the cells (8 �g/ml), and the cells were incubated at 37°C
for a minute and washed with 1� PBS. The slides were then mounted with DAPI (4=,6-diamidino-2-
phenylindole) containing mounting medium and observed under a confocal microscope at a magnifi-
cation of 63� with oil immersion. Uninfected cells were stained for the intracellular protein dynein as a
negative control in the same way described above (with mouse antidynein antibody under live
conditions and then fixed). Infected cells were permeabilized with methanol, reacted with rabbit
anti-Akt-1(S473) and goat anti-rabbit IgG conjugated with Alexa Fluor 594, and mounted in the same way
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described above with DAPI to show the intracellular Akt-1(S473). Uninfected cells were permeabilized
and stained for the intracellular protein dynein in the same way described above to show cytoplasmic
dynein.

Endocytosis inhibition assay. To assess the inhibition of endocytosis, two inhibitors were used.
Pitstop-2 is a clathrin inhibitor, and dynasore hydrate is a dynamin inhibitor. SK-N-SH cells were treated
with the drugs for 30 min at 37°C. The drugs were used with either 30 �M pitstop-2 or 80 �M dynasore
hydrate alone and with 30 �M pitstop-2 plus 80 �M dynasore hydrate in combination. The cells were
then infected with the McKrae and McKrae gKΔ31-68 viruses at an MOI of 10 for 1 h at 37°C with the
drugs. In the case of Vero cells, a series of dilutions of pitstop-2 in combination with dynasore hydrate
(80 �M) was added, and then the cells were infected with the McKrae and McKrae gKΔ31-68 viruses at
100 PFU for 48 h at 37°C and the plaques were counted.

Statistical analyses. Statistical analyses were performed by using analysis of variance (ANOVA) and
Student’s t tests; values of P of �0.05 were considered significant. Bonferroni adjustments were applied
for multiple comparisons between each treatment group and the control. All analyses were performed
using GraphPad Prism (version 5) software (GraphPad Software, San Diego, CA, USA).
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