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ABSTRACT Herpes simplex virus (HSV) is an important human pathogen with a
high worldwide seroprevalence. HSV enters epithelial cells, the primary site of infec-
tion, by a low-pH pathway. HSV glycoprotein B (gB) undergoes low pH-induced con-
formational changes, which are thought to drive membrane fusion. When neutral-
ized back to physiological pH, these changes become reversible. Here, HSV-infected
cells were subjected to short pulses of radiolabeling, followed by immunoprecipita-
tion with a panel of gB monoclonal antibodies (MAbs), demonstrating that gB folds
and oligomerizes rapidly and cotranslationally in the endoplasmic reticulum. Full-
length gB from transfected cells underwent low-pH-triggered changes in oligomeric
conformation in the absence of other viral proteins. MAbs to gB neutralized HSV en-
try into cells regardless of the pH dependence of the entry pathway, suggesting a
conservation of gB function in distinct fusion mechanisms. The combination of heat
and acidic pH triggered irreversible changes in the antigenic conformation of the gB
fusion domain, while changes in the gB oligomer remained reversible. An elevated
temperature alone was not sufficient to induce gB conformational change. Together,
these results shed light on the conformation and function of the HSV-1 gB oligomer,
which serves as part of the core fusion machinery during viral entry.

IMPORTANCE Herpes simplex virus (HSV) causes infection of the mouth, skin, eyes, and
genitals and establishes lifelong latency in humans. gB is conserved among all herpesvi-
ruses. HSV gB undergoes reversible conformational changes following exposure to acidic
pH which are thought to mediate fusion and entry into epithelial cells. Here, we identi-
fied cotranslational folding and oligomerization of newly synthesized gB. A panel of anti-
bodies to gB blocked both low-pH and pH-neutral entry of HSV, suggesting conserved
conformational changes in gB regardless of cell entry route. Changes in HSV gB confor-
mation were not triggered by increased temperature alone, in contrast to results with
EBV gB. Acid pH-induced changes in the oligomeric conformation of gB are related but
distinct from pH-triggered changes in gB antigenic conformation. These results highlight
critical aspects of the class III fusion protein, gB, and inform strategies to block HSV in-
fection at the level of fusion and entry.
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Herpesviruses cause lifelong, latent infection and result in high morbidity. The
human herpes simplex virus (HSV) is responsible for oral and genital lesions,

keratitis, and in rare cases, encephalitis. HSV-1 and HSV-2 have seroprevalences of 67%
(1) and 11% (2), respectively. As an enveloped virus, HSV must fuse viral and host
membranes to initiate entry and infection. Entry of HSV can occur through multiple

Received 14 June 2018 Accepted 15 June
2018

Accepted manuscript posted online 20
June 2018

Citation Weed DJ, Dollery SJ, Komala Sari T,
Nicola AV. 2018. Acidic pH mediates changes in
antigenic and oligomeric conformation of
herpes simplex virus gB and is a determinant of
cell-specific entry. J Virol 92:e01034-18. https://
doi.org/10.1128/JVI.01034-18.

Editor Rozanne M. Sandri-Goldin, University of
California, Irvine

Copyright © 2018 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Anthony V. Nicola,
anthony.nicola@wsu.edu.

VIRUS-CELL INTERACTIONS

crossm

September 2018 Volume 92 Issue 17 e01034-18 jvi.asm.org 1Journal of Virology

https://doi.org/10.1128/JVI.01034-18
https://doi.org/10.1128/JVI.01034-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:anthony.nicola@wsu.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01034-18&domain=pdf&date_stamp=2018-6-20
http://jvi.asm.org


pathways. Entry into epithelial cells, the primary site of infection, proceeds via low-pH-
dependent endocytosis (3–5). Entry into neurons, the site of HSV latency, is via direct
penetration at the plasma membrane (6).

HSV has at least 12 virus-encoded glycoproteins in its lipid envelope (7). Glycopro-
tein B (gB), gD, and the heterodimer gH/gL are required for entry into all pathways,
while gE, gG, gI, gJ, gM, pUL45, or pUS9 are considered dispensable for entry (8–19).
Glycoprotein D is a key receptor binding protein. Expression of a host cell gD receptor
(e.g., nectin-1) in a nonpermissive cell, renders the cell susceptible to HSV-1 infection
(20, 21). The heterodimer gH/gL is essential for HSV entry, although its specific role is
still incompletely defined. Glycoprotein B is the core fusogen of HSV and is highly
conserved among all herpesviruses.

Entry of HSV into epithelial cells is blocked by lysosomotropic agents, which
contributes to the notion that the virus fusion machinery is activated by exposure to
acidic endosomal pH (3). Acid pretreatment of HSV in the absence of a target mem-
brane results in inactivation of viral entry (3, 8, 9, 22). The target of low-pH inactivation
is likely fusion and not attachment to cells or binding to a gD receptor (23, 24).

Herpesviral gB is a member of the class III fusion protein family (25–28), along with
rhabdoviral G (29, 30), baculovirus GP64 (31), and thogotovirus Gp (32). HSV gB (22–24,
33), G (34, 35), and GP64 (36) undergo hallmark, reversible conformational changes
following exposure to acidic pH. We recently reported that following prolonged acid
exposure, the change in a specific epitope of the gB fusion domain becomes irrevers-
ible and correlates with an �2-log reduction in infectivity (24).

HSV gB also undergoes reversible changes to its oligomeric conformation following
exposure to acidic pH. Upon acidification, the virion gB oligomer shifts to a lower
density, based on three independent experimental approaches (33). gB, like other viral
membrane glycoproteins, must fold and oligomerize prior to becoming functional.
These foundational processes occur in the endoplasmic reticulum (ER) (37–42). Whether
gB oligomerization or the formation of critical conformation-dependent epitopes occur
cotranslationally or posttranslationally is not known.

Our results here suggest that gB oligomerizes rapidly and concurrently with trans-
lation. Full-length gB in transfected cells in the absence of other viral glycoproteins
undergoes pH-triggered conformational changes. Neutralizing monoclonal antibodies
(MAbs) to gB blocked HSV-1 entry regardless of whether the cell supported low-pH or
pH-neutral entry. Lastly, an elevated temperature alone does not trigger gB change, but
when combined with acid exposure, triggers irreversible antigenic change in gB, while
changes detected in the oligomer remained reversible.

RESULTS
HSV gB folding and oligomerization occurs cotranslationally in living cells. Viral

fusion proteins function as oligomers. The active forms of class I and at least some class
III fusion proteins are trimers. Polypeptide folding in living cells can begin cotransla-
tionally, i.e., while the nascent chain is still being synthesized by the ribosome (43).
Folding and oligomerization of viral glycoproteins typically occurs in the ER and can
occur cotranslationally or require termination of monomer translation and release from
the ribosome (posttranslational). HSV-1 gB multimers are present in virion and infected
cell membranes (39, 44–46). When the formation of important conformation-dependent gB
epitopes (folding) and oligomerization occur relative to biosynthesis on the ribosome is not
known. We utilized pulse-chase analysis to monitor gB folding and trimerization in the ER
of Vero cells. HSV-infected cells were pulsed for 100 s with 35S-labeled cysteine and
methionine. Since the pulse (1.7 min) was shorter than the 5-min average time of gB
synthesis, the majority of the radiolabel was expected to be in nascent chains (47, 48).

Thus, the detection of radiolabeled full-length gB immediately following the pulse
or at early chase times with conformation-dependent or oligomer-specific antibodies
reflects cotranslational folding and oligomerization. Following each time point, gB was
immunoprecipitated with the designated antibody and, following denaturing SDS-
PAGE, detected by autoradiography (Fig. 1).
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MAbs DL16, SS10, SS55, and SS144, which detect conformation-dependent epitopes
(Table 1), pulled down radiolabeled-gB immediately following the pulse or by 3 min of
chase or earlier, suggesting that folding occurs while the nascent gB polypeptide is still
being synthesized on the ribosome (i.e., cotranslationally). MAbs against linear epitopes
H126, H1817, and SS106 (Table 1), similarly detected gB by 3 min of chase or earlier. The
conformation-independent MAbs H126, H1817, and SS106 recognize continuous
epitopes on the surface of the folded, native gB structure (25, 33, 49) and can be used
along with conformation-dependent MAbs to detect proper folding of gB. Each of the
eight antibodies to distinct gB epitopes pulled down labeled gB by 60 min chase. gB
MAb DL21 binds to a gB ectodomain epitope distinct from the other MAbs used in this
study (50) and detected little to no gB prior to 60 min of chase. Oligomer-specific gB

FIG 1 Pulse-chase analysis of gB in HSV-infected cells. After infection of Vero cells with HSV-1 KOS, cells
were pulsed with [35S]cysteine and [35S]methionine for 100 s. Detergent lysates were immunoprecipi-
tated with the MAb to gB indicated to the left of each panel, followed by denaturing SDS-PAGE and
autoradiography. The bands correspond to monomeric gB.

TABLE 1 Summary of monoclonal antibodies used in this study

Antibody
gB
domainb

Binds conformation-dependent
epitopec Neutralizingd

Reduced reactivity with
low-pH-treated gBe

H126 I N � �
SS55 I Y � �
H1781 II N � ND
H1838 II N � ND
H1359 III N – –
SS10 IV Y* � –
DL16a V Y – �
SS106 V N � �
SS144 V Y* � �
H1817 VI N � –
DL21 U Y – ND
aAntibody DL16 is oligomer specific (50).
bAs reported elsewhere (25, 50, 58, 75).
cY, reacts with gB under native PAGE conditions but not under denaturing conditions; N, reacts under denaturing conditions only (49, 50, 58); U, unknown. *, Reacts
with native gB and with a small amount of gB under denaturing conditions (50).

d�, Reduces HSV entry or infectivity by �50% (50, 58, 76).
e�, Reduced reactivity with acid-treated HSV-1 gB as determined by dot blot analysis (22–24, 33). ND, not determined.
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MAb DL16 detected labeled gB immediately following the pulse or by 3 min of chase,
suggesting that the gB trimer forms rapidly and cotranslationally. By 60 min of chase,
each antibody precipitated an increased amount of labeled gB, which suggests that gB
continues to fold after 3 min of chase. While gB clearly begins to fold cotranslationally,
there is likely significant posttranslational folding as well. An increase in immunopre-
cipitation of radiolabeled gB following prolonged chase times has been reported
previously (38–40, 45). Together, these results suggest that important gB folded
epitopes and gB oligomers begin to form cotranslationally on the ribosome.

gB MAbs differentially detect low-pH induced oligomeric change in the SDS
stability assay. The HSV gB oligomer undergoes reversible alterations in response to
mildly acidic pH as measured by multiple, independent assays (23, 33). In one approach,
low-pH pretreatment renders the gB oligomer susceptible to disruption by 1% SDS. This
assay has yielded valuable insights into gB conformational change (22–24, 33), e.g., the
hydrophobic fusion loops themselves are not required for pH-triggered oligomeric
changes, and the threshold of oligomeric change is similar to that of antigenic change.
HSV-1 gB oligomers are stable in the presence of 1% SDS and stable when treated with
low pH alone. However, following low-pH treatment, a subset of gB oligomeric species
becomes susceptible to destabilization by 1% SDS. Notably, the slowest-migrating
high-molecular-weight (high-MW) gB species becomes undetectable by this approach
(indicated by arrowhead, Fig. 2). These gB-reactive bands correspond to oligomers
because they are �225 kDa. The gB monomer is �116 kDa. The loss of slower-
migrating gB is indicative of a change in oligomeric conformation. Virions that are
treated with low pH and then neutralized back to pH 7.4 are resistant to 1% SDS
destabilization, indicating this oligomeric change is reversible. The character of these
high-MW forms of gB is not known. Previous investigations utilized gB MAb H1359,
which detects a linear epitope, or rabbit polyclonal antibody to gB (23, 24, 33).

To further characterize the pH-induced gB oligomeric change we employed a panel
of antibodies to gB to define the antigenic reactivity of the high-MW forms of gB that
are differentially susceptible to SDS and pH treatment. As expected, DL16 was specific
for oligomeric gB (MW � 225 kDa [**], Fig. 2). The remaining antibodies primarily
recognized oligomeric gB (MW � 225 kDa [**], Fig. 2) but also monomeric gB (MW �

116 [*], Fig. 2), particularly following pH 5.0 treatment. Notably, H1359, SS10, and R68
each recognized the faster migrating oligomeric gB species that had been pH 5.0
treated. This suggests that gB oligomers that are resistant to detergent disruption in
this assay are reactive with H1359 and SS10 but none of the other MAbs tested. MAbs
SS55, SS144, and DL16 all have reduced reactivity with low-pH-treated gB as deter-
mined by dot blot analysis (8, 23) and here only detected high-MW gB at a neutral pH.
The exact composition of the high-MW gBs in these experiments is incompletely
defined. These gB oligomers do not comigrate with gC, gD, gH, or gL (33). Whether they
represent gB dimers, trimers, hexamers, etc., remains to be elucidated. Another possi-
bility is that the forms may all be the same order of oligomer, e.g., trimers, but exhibit
altered migration due to differences in conformation. MAbs H1359, H1781, and SS10

FIG 2 Antigenic characterization of gB detected in the oligomeric change assay. HSV-1 KOS was treated at pH 5.0 or 7.4 for
10 min and then neutralized to pH 7.4 for 10 min if testing reversibility. Virions were then treated with 1% SDS and analyzed
under “native” SDS-PAGE analysis, followed by Western blotting with the antibody indicated above each panel. **, Oligomeric
gB; *, monomeric gB; �, fragmented gB. MW markers in kilodaltons are shown at the left.
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recognized gB fragments smaller than 102 kDa (�, Fig. 2). These bands were not
detected by SS144 or H1817. The fragments are likely cleavage products of gB mono-
mer that result from virus propagation in Vero cells (51). Upon neutralization to pH 7.4
in this experimental approach (5.0 ¡ 7.4), the changes were completely reversible.
Together, each of the antibodies detected a reversible oligomer rearrangement of
glycoprotein B following acidic pH exposure and 1% SDS treatment.

Full-length HSV-1 gB in transfected cells undergoes pH-triggered oligomeric
change in the absence of other viral glycoproteins. Native, prefusion gB in the virion
envelope and gB from virus-infected cells both undergo oligomeric changes following
exposure to acid pH (23, 24, 33). In these cases, many other viral proteins are present.
Soluble forms of purified gB alone (23) undergo similar changes, indicating that the
pH-triggered changes detected do not require that gB is membrane associated nor that
any other viral components be present. The minimum essential requirements for cell to
cell fusion are HSV-1 gB, gH/gL, gD, and a gD receptor expressed by the target cell (11,
52–54). We tested the susceptibility to pH of cell membrane-associated gB containing
the full sequence, both alone and in combination with the other essential viral fusion
proteins. This allowed gB conformational changes to be measured under conditions
where the complex of fusion proteins are functionally active.

High-MW gB (�180 kDa) corresponding to oligomers was detected in cells trans-
fected with gB subjected to 1% SDS treatment alone (Fig. 3a). After exposure to pH 5.0,
the gB high-MW oligomers were not detected, suggesting oligomeric forms of gB
became entirely sensitive to 1% SDS treatment. Notably, when virion gB is subjected to
similar analysis, only the highest-MW gB species disappear (Fig. 2, H1359 or R68) (23, 24,
33), which may reflect a cell type difference in gB expression. In the presence of gD or
gH/gL alone or in combination, oligomers of full-length, transfected cell-associated gB
also underwent pH-triggered conformational change (Fig. 3), as indicated by the
disappearance of oligomeric species. Less monomeric gB was detected after pH 5.0
treatment, when gB was paired with gH/gL (Fig. 3c and d), for reasons that are not clear.
In contrast to virions produced in Vero cells (�, Fig. 2), no fragmented gB was detected
in transfected Chinese hamster ovary (CHO) cells regardless of which essential glyco-
proteins were cotransfected (Fig. 3). These results suggest that full-length wild-type gB
with transmembrane and cytoplasmic tail domains intact can undergo low-pH-
triggered oligomeric change independent of other HSV proteins.

Glycoprotein B-specific MAbs neutralize HSV entry regardless of the pathway
supported by the cell. CHO cells and mouse melanoma B78 cells are naturally resistant
to HSV infection (55, 56). Stable expression of gD receptors, such as nectin-1, allow HSV
entry (20, 21). Nectin-1-expressing CHO and B78 cells permit HSV entry via distinct
pathways. CHO-nectin-1 cells support low-pH endocytosis entry of HSV (3), while
B78-nectin-1 cells support pH-independent endocytosis (57). Little is known about the
HSV-1 determinants of low-pH entry versus pH-independent entry. To probe epitopes

FIG 3 Low-pH-triggered oligomeric change of gB from transfected cells. CHO-K1 cells were transfected
with plasmids encoding gB (a), gB�gD (b), gB�gH/gL (c), or gB�gD�gH/gL (d). Cell lysates were treated
at pH 7.4 or 5.0 for 10 min. To test reversibility, pH 5.0-treated samples were neutralized back to pH 7.4
for 10 min at 37°C. The samples were then treated with 1% SDS and resolved under “native” PAGE
conditions, followed by Western blotting with MAb H1359 to gB. MW markers in kilodaltons are shown
at the left.
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on gB that are important for one pathway or the other, HSV-1 gB MAbs were assayed
for their ability to block entry via these distinct endocytic pathways. gB MAbs H126,
H1838, SS10, and SS144 each neutralized HSV entry into both cell types at a similar titer
of antibody (Table 2). Antibodies against gB domains I (H126) and V (SS144) have been
previously reported to have reduced reactivity with low-pH-treated gB (33), but here
they neutralized entry similarly via both low-pH and pH-independent pathways. At 8
�g/ml, MAbs H1359 and H1817 did not neutralize HSV entry into either pathway.
H1817 is reportedly neutralizing (58), but 8 �g/ml did not reduce HSV-1 infectivity by
�50% (Table 2). These results suggest that the epitopes in gB that are critical for viral
entry are conserved regardless of entry pathway. This is consistent with gB conforma-
tional changes that are common to low-pH and pH-independent pathways.

Elevated temperature triggers irreversible low-pH changes in the antigenic
conformation of gB but oligomeric change remains reversible. HSV gB undergoes
reversible conformational changes following exposure to acidic pH. Many viruses utilize
cellular acidic pH or a host cell receptor to induce conformational changes in viral
fusion proteins. For several class I fusion proteins, such as influenza hemagglutinin (59)
and parainfluenza virus 5 F protein (60), these cellular triggers can be experimentally
substituted by increased temperature. Elevated temperatures trigger relevant confor-
mational changes in the class III fusion protein Epstein-Barr virus gB (61), but not
vesicular stomatitis virus G (62). Heat, low pH, and receptor binding are all physico-
chemical forces that are thought to drive fusion proteins to a fusion active conforma-
tion. We determined the impact of elevated temperature in the presence and absence
of acidic pH on gB conformational changes and their reversibility.

HSV-1 virions exposed to 37, 45, 50, or 55°C and blotted directly onto nitrocellulose
membranes retained reactivity with MAbs H126 and SS10, with only a slight reduction
at 55°C (pH 7.4, Fig. 4a), suggesting that temperature alone was not sufficient to induce
a conformational change in gB. Treating HSV virions with the mildly acidic pH of 5.0
resulted in a reduction of reactivity with MAb H126 but not SS10 (37°C row, Fig. 4a), as
shown previously (23, 24, 33). The reversibility of the low-pH-triggered conformational
change in the H126 epitope of gB was confirmed as expected. When virions were
treated with pH 5.0 at elevated temperatures, there was also reduced reactivity of H126.
The conformational change induced at 45°C was partly reversible, while treatment with
50 or 55°C unexpectedly triggered an irreversible change in the H126 epitope. SS10 had
similar reactivity at all pHs tested from 37 to 50°C, suggesting there was no change in
this epitope. At 55°C and pH 5.0, there was a loss of SS10 reactivity, which returned
upon neutralization to pH 7.4, indicating a reversible conformational change of the
SS10 epitope under these conditions.

We also assessed the impact of elevated temperature and acidic pH on the gB
oligomeric changes and their reversibility. As expected, when virions were treated at
37°C with acid and then 1% SDS, there was a loss of slower-migrating oligomeric gB as
resolved by “native” SDS-PAGE (Fig. 4b). Upon neutralization to pH 7.4, the slower-
migrating gB returned, indicating that this change was reversible. At increased tem-
peratures up to 55°C, this change occurred and remained reversible, unlike the irre-
versible change in gB antigenic conformation detected by dot blot analysis (Fig. 4a).

TABLE 2 gB MAb neutralization of HSV-1

MAb to gB Domain

Neutralization of HSV-1 (�g/ml)a

CHO-nectin-1 B78-nectin-1

H126 I 2 2
H1838 II 1:4,000* 1:4,000*
H1359 III �8 �8
SS10 IV 1 1
SS144 V 0.25 0.25
H1817 VI �8 �8
aThe minimum concentration of IgG or (*) the dilution of ascites required to reduce HSV-1 KOS infectivity by
�50% as determined by a �-galactosidase reporter assay.

Weed et al. Journal of Virology

September 2018 Volume 92 Issue 17 e01034-18 jvi.asm.org 6

http://jvi.asm.org


These results support the notion that changes in gB antigenic conformation do not
necessarily correlate with changes in its oligomer conformation (24). Altogether, these
results suggest temperature alone is not sufficient to induce antigenic or oligomeric
changes in gB.

DISCUSSION

The acidic pH of the host cell endosome is a common trigger of viral membrane
fusion (5, 63–65). Intracellular low pH facilitates entry of HSV into epithelial cells, the
target of primary and recurrent infection in humans. HSV gB undergoes conformational
and oligomeric changes in response to mildly acidic pH exposure both in vitro and
during viral entry into cells. These changes are reversible as they are for other class III
fusion proteins. Here, we show that gB folds and trimerizes rapidly and cotranslationally
while nascent chains are still attached to the ribosome. The low-pH-induced oligomeric
change in gB was characterized with a panel of MAbs. Native gB from transfected cells
undergoes low-pH alterations in the absence of other viral proteins. gB MAbs neutralize
HSV entry similarly into cells that support either the low-pH or the pH-independent
pathway, supporting a conserved entry mechanism. Finally, elevated temperatures are
not sufficient to induce gB conformational changes. When virions are treated with heat
and mildly acidic pH, there is an irreversible change in the H126 epitope in the gB
fusion domain, but oligomeric change remained reversible.

Folding and pH-triggered conformational change of oligomeric gB. The func-
tionally active form of HSV-1 gB is thought to be a trimer. gB trimerizes in the ER
concurrently with translation (Fig. 1). Conformation-dependent, viral neutralizing anti-
bodies detect nascent chains of gB on the ribosome, indicating important epitopes of
gB fold rapidly and cotranslationally. This contrasts with HIV gp160, which is synthe-
sized in minutes but takes hours to fold (66). Acid-triggered changes in gB oligomeric
conformation can be detected with a modified PAGE assay. The high-MW oligomeric
species of gB that is susceptible to detergent disruption following low-pH treatment
was antigenically distinct, reacting specifically with MAbs SS55, DL16, and H1817. SS55
and DL16 have reduced reactivity with low pH-treated gB, and SS55 is neutralizing,
which suggests that the high-MW gB that disappears may be a functionally active form
of the oligomer. Oligomeric gB that was resistant to disruption retained reactivity with
MAbs H1359 and SS10 (Fig. 2). Fragmented gB smaller than monomeric gB � 115 kDa
was detected in virions (Fig. 2), but not in transfected cells (Fig. 3) for reasons that are
unclear. Fragmented gB has previously been identified in HSV-infected Vero cells, but

FIG 4 Effect of elevated temperature on acid-induced conformational changes of HSV-1 gB. HSV-1 virions
were treated at pH 7.4 or 5.0 at the indicated temperature for 10 min. To test reversibility, pH 5.0-treated
samples were neutralized back to pH 7.4 for 10 min at 37°C. Samples were blotted immediately to
nitrocellulose membrane and probed at neutral pH with gB-specific MAb H126 or SS10. (b) 1% SDS was
added, and samples were resolved under “native” PAGE conditions, followed by Western blotting with
MAb H1359 to gB. MW markers in kilodaltons are shown on the left.
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not in HEp-2 cells, suggesting that they may result from growing virions in Vero cells
(51). gB from transfected cells is shown here for the first time to undergo low-pH-
induced oligomeric change (Fig. 3). Transfected cell approaches may now be used to
identify gB residues important for conformational change.

Treatment of HSV-1 gB with 45°C or greater did not trigger conformational changes
in gB (Fig. 4). However, treatment of virions with 40°C rescued a slow-entry phenotype
of HSV (67), suggesting that elevated temperature can help gB transition to a fusion-
active form. Interestingly, treating EBV gB with 45°C alone triggers conformational
change as detected by proteolytic digestion (61). Low pH triggers reversible confor-
mational change in the H126 epitope of the gB fusion domain (22–24, 33). When
treated with both an acidic pH and an elevated temperature, gB undergoes an
irreversible change in the H126 epitope (Fig. 4a). Treating HSV-1 for prolonged periods
resulted in a similar irreversible change in gB (24).

Conservation of requirements for HSV entry via distinct pathways. The HSV
determinants responsible for directing HSV to a low-pH versus a pH-independent
pathway are not clear. Two different strains of HSV-1 enter the same cell type by two
distinct entry pathways, suggesting a role for a viral determinant(s) in the selection of
entry pathway (68). MAbs to distinct gB domains neutralized HSV-1 entry regardless of
the reliance on low pH for entry (Table 2) (49). This supports the notion that confor-
mational changes in the H126, H1838, SS10, and SS144 epitopes are important for
fusion and are conserved during entry regardless of the entry pathway. Similarly, acid
pretreatment of HSV abolishes virion entry activity regardless of cell type (3). It is clear
that gB undergoes changes following exposure to acidic pH (22–24, 33, 69, 70), and
changes in gB are also important for pH-independent fusion (71). A cellular trigger(s) for
pH-independent changes in gB has not been identified. The gB receptor, paired
immunoglobulin-like type 2 receptor � (PILR�), is one candidate, since expression of
PILR� in CHO-cells results in pH-independent entry of HSV-1 (72). A key unresolved
issue is how HSV mediates entry by both low pH and pH neutral pathways.

MATERIALS AND METHODS
Cells and viruses. B78 murine melanoma cells expressing nectin-1 (B78-nectin-1 cells) (56) (a gift

from G. Cohen and R. Eisenberg, University of Pennsylvania) and Vero cells (American Type Culture
Collection, Rockville, MD) were propagated in Dulbecco modified Eagle medium (DMEM; Thermo Fisher
Scientific, Waltham, MA) supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals. Atlanta,
GA) and penicillin, streptomycin, and glutamine (Thermo Fisher Scientific). Chinese hamster ovary cells
expressing nectin-1 (CHO-nectin-1 cells [21]; a gift from G. Cohen and R. Eisenberg, University of
Pennsylvania) and CHO-K1 cells (a gift from H. Aguilar, Cornell University) were propagated in Ham’s F-12
medium supplemented with 10% FBS and penicillin, streptomycin, and glutamine (Thermo Fisher
Scientific). B78-nectin-1 and CHO-nectin-1 cells were further supplemented with 250 �g of Geneticin
(Sigma, St. Louis, MO) per ml and 6 �g (B78-nectin-1) or 150 �g (CHO-nectin-1) of puromycin (Sigma) per
ml. Both B78-nectin-1 and CHO-nectin-1 cells stably express human nectin-1 and contain the Escherichia
coli lacZ gene under the control of the HSV-1 ICP4 promoter. Cells were subcultured in nonselective
medium prior to use in all experiments. HSV-1 strain KOS (a gift from Priscilla Schaffer, Harvard University)
was propagated, and titers were determined on Vero cells.

Preparation of HSV-1. Subconfluent Vero cells were infected with HSV-1 (multiplicity of infection
[MOI] of 0.05) in 175-cm2 flasks. At 72 h postinfection, cells were pelleted at 300 � g at 4°C for 10 min.
Pelleted cells were discarded, and cell-free supernatant containing extracellular virions was centrifuged
at 27,000 � g for 45 min through a 5% sucrose/phosphate-buffered saline (PBS) cushion. Pellets were
resuspended overnight at 4°C in 20 mM HEPES (Thermo Fisher Scientific)-buffered DMEM supplemented
with 10% FBS. Concentrated virions were sonicated (model XL2020; Misonix, Inc., Farmingdale, NY) and
stored at �80°C.

Antibodies to gB. Characteristics of anti-HSV-1 gB mouse MAbs are summarized in Table 1. H126,
H1359, and H1817 were purchased from Virusys, Taneytown, MD. Ascites fluid of MAbs H1781 and H1838
were provided by L. Pereira, University of California, San Francisco. Anti-gB MAbs DL16, DL21, SS10, SS55,
SS144, and SS106, as well as rabbit polyclonal antibody R68 (73), were provided by G. Cohen and R.
Eisenberg, University of Pennsylvania.

Pulse-chase analysis of gB folding and oligomerization. Vero cells in 60-mm culture dishes were
infected with HSV-1 KOS (MOI of 5). At 6 h postinfection, cells were washed with PBS and cultured in
serum-free DMEM lacking both cysteine and methionine (Invitrogen, Carlsbad, CA) for 20 min. Cells were
then pulsed with DMEM containing [35S]cysteine and [35S]methionine (MP Biomedicals, Santa Ana, CA)
for 100 s. The medium was replaced with DMEM containing 20 mM HEPES, 5 mM L-cysteine, 5 mM
L-methionine, and 1 mM cycloheximide. At the indicated chase time, the reaction was stopped by two
washes with ice-cold PBS containing 20 mM N-ethylmaleimide (NEM). The cells were lysed with ice cold

Weed et al. Journal of Virology

September 2018 Volume 92 Issue 17 e01034-18 jvi.asm.org 8

http://jvi.asm.org


2% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate} in HEPES-buffered saline
containing NEM and protease inhibitors (Roche, Indianapolis, IN). NEM is an alkylating agent that
prevents postlysis oxidation (41). Samples were immunoprecipitated overnight at 4°C with the indicated
gB MAb. Immunoprecipitations were subjected to denaturing SDS– 6% PAGE and visualized utilizing
autoradiography.

Analysis of the gB oligomer by PAGE. HSV-1 KOS virions were diluted in fusion medium: serum-
free, sodium bicarbonate-free DMEM, containing 5 mM HEPES, 5 mM 2-(N-morpholino)ethanesulfonic
acid (MES; Sigma), 5 mM sodium succinate (Sigma), and 0.2% BSA. Samples were adjusted to pH 7.4 or
pH 5.0 for 10 min at 37°C. To test reversibility, samples were neutralized to the indicated pH for 10 min.
After exposure to the designated pH, 1% SDS was added to samples for 2 min at 37°C. Laemmli buffer
modified to contain 0.2% SDS, and no reducing agent was added to the samples. Unheated samples were
resolved via 8% PAGE and transferred to nitrocellulose (74). Membranes were blocked and probed with
anti-gB antibodies. Following incubation with horseradish peroxidase-conjugated secondary antibody,
SuperSignal West Dura extended duration substrate (Thermo Fisher Scientific) was added and mem-
branes were exposed to X-ray film (Genesee Scientific, San Diego, CA).

Analysis of transfected cell gB via PAGE. CHO-K1 cells (�80% confluent) were transfected with
combinations of plasmids pPEP98, pPEP99, pPEP100, or pPEP101 (a gift from P. Spear, Northwestern
University, Chicago, IL [54]) encoding HSV-1 gB, gD, gH, or gL, respectively, using Lipofectamine 2000
(Thermo Fisher Scientific). Following a 6 h incubation, complete F-12 medium was added, and cells were
incubated for a total of 22 to 24 h. Cells were then subjected to pH treatment and analyzed as described
in the previous section.

HSV-1 neutralization by anti-gB antibodies. HSV-1 KOS virions (105 PFU) were incubated with
serial dilutions of gB MAbs for 1 h at 37°C. Virions were then added to B78-nectin-1 cells (MOI of 0.2) or
CHO-nectin-1 cells (MOI of 0.1) for 6 to 8 h at 37°C. Cells were lysed with 0.5% IGEPAL (Sigma). The
�-galactosidase substrate, chlorophenol red-D-galactopyranoside (Roche, Indianapolis, IN), was added,
and the �-galactosidase activity was read at 595 nm with a microtiter plate reader (Biotek, Winooski, VT).
The minimum MAb concentration resulting in a reduction of HSV-1 infectivity by �50% was reported.

Heat treatment of HSV virions. HSV-1 KOS virions were treated at the indicated pH and temper-
ature for 10 min in pH-adjusted medium as described above. If testing reversibility of conformational
change, virions were then neutralized to pH 7.4 for 10 min at 37°C. For antigenic analysis, samples were
blotted immediately to nitrocellulose membrane and probed with the indicated MAb at neutral pH. For
testing oligomeric change, following pH and temperature treatments, 1% SDS was added to samples.
SDS-PAGE and Western blotting was then performed as described above.
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