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ABSTRACT Herpes simplex virus (HSV) entry into a subset of cells requires endocy-
tosis and endosomal low pH. Preexposure of isolated virions to mildly acidic pH of 5
to 6 partially inactivates HSV infectivity in an irreversible manner. Acid inactivation is
a hallmark of viruses that enter via low-pH pathways; this occurs by pretriggering
conformational changes essential for fusion. The target and mechanism(s) of low-pH
inactivation of HSV are unclear. Here, low-pH-treated HSV-1 was defective in fusion
activity and yet retained normal levels of attachment to cell surface heparan sulfate
and binding to nectin-1 receptor. Low-pH-triggered conformational changes in gB
reported to date are reversible, despite irreversible low-pH inactivation. gB confor-
mational changes and their reversibility were measured by antigenic analysis with a
panel of monoclonal antibodies and by detecting changes in oligomeric conformation.
Three-hour treatment of HSV-1 virions with pH 5 or multiple sequential treatments at
pH 5 followed by neutral pH caused an irreversible >2.5 log infectivity reduction. While
changes in several gB antigenic sites were reversible, alteration of the H126 epitope was
irreversible. gB oligomeric conformational change remained reversible under all con-
ditions tested. Altogether, our results reveal that oligomeric alterations and fusion
domain changes represent distinct conformational changes in gB, and the latter cor-
relates with irreversible low-pH inactivation of HSV. We propose that conformational
change in the gB fusion domain is important for activation of membrane fusion dur-
ing viral entry and that in the absence of a host target membrane, this change re-
sults in irreversible inactivation of virions.

IMPORTANCE HSV-1 is an important pathogen with a high seroprevalence through-
out the human population. HSV infects cells via multiple pathways, including a
low-pH route into epithelial cells, the primary portal into the host. HSV is inactivated
by low-pH preexposure, and gB, a class Il fusion protein, undergoes reversible con-
formational changes in response to low-pH exposure. Here, we show that low-pH in-
activation of HSV is irreversible and due to a defect in virion fusion activity. We
identified an irreversible change in the fusion domain of gB following multiple se-
quential low-pH exposures or following prolonged low-pH treatment. This change
appears to be separable from the alteration in gB quaternary structure. Together,
the results are consistent with a model by which low pH can have an activating or
inactivating effect on HSV depending on the presence of a target membrane.

KEYWORDS conformational changes, glycoprotein B, herpes simplex viruses,
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erpes simplex virus (HSV) causes a wide array of human infections resulting in

significant morbidity and mortality worldwide. HSV is an enveloped virus and
therefore must fuse with a host cell membrane to initiate entry and infection. HSV can
surmount the plasma membrane by endocytosis or via direct penetration. Endocytic
entry can be low pH dependent or pH independent (1-3). Entry into human epithelial
cells, which represent the primary site of infection, occurs via a low-pH endocytic
mechanism (4). Conformational changes in gB triggered by mildly acidic pH are
proposed to be critical for fusion during HSV entry into physiologically relevant cells.

Viruses that enter cells by a pH-triggered fusion mechanism are typically inactivated
by pretreatment of isolated virions with mildly acidic pH (pH 5.0 to 6.0) (5, 6), which
mimics the intraendosomal milieu. In the absence of a target membrane, low pH
prematurely activates the fusion protein, thereby rendering the virion incompetent for
fusion and entry into cells (7, 8). HSV-1 is inactivated by mildly acidic pH in a rapid and
temperature-dependent manner. A 10-min preexposure of HSV-1 to low pH results in
only partial inactivation (9, 10), while other viruses, such as influenza virus, are com-
pletely inactivated within minutes (5). For influenza virus, low-pH preexposure triggers
the fusion machinery by a mechanism similar to the membrane fusion reaction (5, 11).
A better understanding of inactivation can inform the more physiologically relevant
process of activation during fusion and entry. For HSV, the mechanism and target of
low-pH inactivation are unclear. HSV mutants individually lacking viral envelope protein
gC, gE, gG, gl, gJ, gM, pUL45, or pUS9 are able to successfully infect cells via pH-
dependent endocytosis and are susceptible to low-pH inactivation (9, 10, 12). Thus,
these proteins are not the virion target of low-pH inactivation.

Inactivation can be the result of viral envelope proteins failing to function at one or
more steps of HSV entry. These include viral attachment to cell surface heparan sulfate;
virion gD binding to a cognate host cell receptor; or fusion mediated by the cooper-
ation of gB, gH/gL, and gD (13-15). Receptor binding is likely not affected by low-pH
inactivation, as HSV gD binding to nectin-1 or herpesvirus entry mediator (HVEM)
receptors is not sensitive to low-pH exposure (16). The core fusion protein gB is a
potential target of inactivation.

Low-pH preexposure of virions prematurely triggers conformational changes that
normally occur during the membrane fusion reaction (11, 17). Understanding confor-
mational changes that occur during inactivation will enhance understanding of the
changes that activate fusion. Exposure to mildly acidic pH triggers reversible confor-
mational changes in prefusion gB present in virions (16, 18-20). Reversibility may
prevent premature triggering and unwanted fusion during viral egress (21). The revers-
ible changes in gB detected to date are seemingly incompatible with the irreversible
inactivation of virion infectivity.

Here, we investigated the effect of low-pH treatment of HSV virions on attachment,
membrane fusion, viral infectivity, reversibility of infectivity, and gB conformational
changes and their reversibility. We found that irreversible low-pH inactivation is caused
by a defect in membrane fusion activity of virions and identify gB as a target of
inactivation. Following sequential or prolonged low-pH exposures, irreversible anti-
genic changes in gB were detected, including domain | of gB, which contains the
hydrophobic fusion loops. Other antigenic changes and oligomeric changes remained
reversible. This work represents the first irreversible conformational changes detected
in gB and also suggests that the pH-induced change in gB oligomeric structure is
distinct from the conformational change in the fusion domain. We propose that low pH
activates the gB fusion domain during HSV-1 entry, and in the absence of a host
membrane, a similar change results in inactivation of virion fusion activity.

RESULTS

Irreversibility of mildly acidic inactivation of HSV-1. The infectivity of HSV is
reduced when treated with mildly acidic pH of 5.0 to 6.0 for 10 min and then returned
to neutral pH for 10 min (2, 9, 10, 20). Thus, low-pH inactivation of HSV is irreversible
by this measure (22-24). To verify the irreversibility of inactivation, we determined
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FIG 1 Effect of extending neutralization times on reversibility of low-pH inactivation of HSV-1 infectivity.
Extracellular HSV-1 KOS virions were treated with pH 7.4 or 5.0 for 20 min at 37°C. Samples were
neutralized to pH 7.4 for the time indicated, and titers were determined on Vero cells. At 18 to 24 h
postinfection, titers were determined by plaque assay. Infectivity of pH 7.4-treated virions was set to
100%. Data are the means from four replicates with standard errors. The P values were determined using
Student’s t test (*, P < 0.002). Results are representative of three independent experiments.

whether prolonged periods of neutralization with pH 7.4 caused low-pH inactivation to
become reversible. HSV-1 was exposed to pH 7.4 or 5.0 for 20 min at 37°C. Virions were
neutralized to pH 7.4 for 10, 60, or 120 min and assayed for infectivity (Fig. 1). A 20-min
inactivation by pH 5.0 followed by a 10-min neutral-pH treatment resulted in ~40%
inhibition of infectivity, consistent with previous results (2, 9). A prolonged neutraliza-
tion period of 60 or 120 min did not result in additional recovery of infectivity (Fig. 1),
although there was an overall decrease of infectivity following the extended neutral-
izations. The fraction of virus that is no longer infectious represents irreversible inac-
tivation. Thus, HSV-1 inactivation by mildly acidic pH remained irreversible even when
virus was allowed extended time to recover at neutral pH.

Low-pH pretreatment of HSV results in unaltered attachment to cells. The step
in HSV-1 entry that is targeted by low pH and responsible for inactivation of infectivity
is not known. To probe the step(s) in the HSV entry process that is sensitive to low-pH
inactivation, first the cell attachment of low-pH-treated virions was assessed. HSV-1 KOS
virions were treated at pH 7.4 or 5.0 for 10 min and then neutralized to pH 7.4 for 10
min (Fig. 2). Virions were bound to cells for 1 h at 4°C, and cell-associated virus was
quantitated by quantitative PCR (qPCR) as a measure of attachment. HSV-1 pretreated
with pH 5.0 attached to cells in a manner similar to pH 7.4-treated particles (Fig. 2).
Control heparin treatment reduced HSV attachment by 1 log as expected (25). These
results suggest that low-pH inactivation of HSV-1 occurs at a step of viral entry
subsequent to attachment.

Mildly acidic pH pretreatment reduces fusion activity of herpesvirus virions.
Low-pH inactivation of HSV-1 is not due to defects in attachment (Fig. 2) or gD receptor
binding as previously reported (16). We next investigated the sensitivity of membrane
fusion function to low-pH pretreatment using fusion-from-without (FFWO) activity.
FFWO is the induction of target cell fusion by addition of virions to the monolayer
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FIG 2 Effect of low-pH pretreatment of HSV-1 on attachment to cells. Extracellular HSV-1 KOS virions
were treated with pH 7.4 or 5.0 for 10 min and then neutralized to pH 7.4 for 10 min. Heparin (2 ng/ml)
was used as a positive control to inhibit attachment. Treated virions (40 genome copies per cell) were
bound to Vero cells for 1 h at 4°C. Cells were washed three times with PBS, and cell-associated virions
were quantitated by qPCR. Data are the means from four replicates with standard errors. The P values
were determined using Student’s t test. Results are representative of three independent experiments.

March 2017 Volume 91 Issue 5 €02123-16

Journal of Virology

jviasm.org 3


http://jvi.asm.org

Weed et al.

p <0.001

=3
o

8

% fusion activity ()
N (=23
o o

o

74 5.0
pH pretreatment

FIG 3 Effect of low-pH pretreatment of HSV-1 on fusion-from-without activity. HSV-1 ANG path virions
were pretreated with pH 7.4 (A) or pH 5.0 (B) for 10 min at 37°C and bound to cells (MOI, ~50) at neutral
pH for 1 h at 4°C. Cells shifted to 37°C in the presence of cycloheximide for 3 h were fixed and stained
with Giemsa stain. Control uninfected cells were identically treated in parallel (C). Three or more adjacent
nuclei in contact were divided by total nuclei in the field to yield percent fusion activity (D). More than
300 nuclei were counted in each of 4 replicate wells. The P value was determined using Student'’s t test.
Results are the means with standard errors and are representative of three independent experiments.

surface in the absence of viral protein expression. FFWO is a surrogate assay for
virus-cell fusion during entry as the two processes share several common features. Both
FFWO and entry into Vero cells occur at the plasma membrane, require an appropriate
gD receptor, and are blocked by neutralizing antibodies. A subset of syncytial strains of
HSV-1, including the ANG path strain, have FFWO activity (26-30). The HSV-1 ANG path
strain is inactivated by mildly acidic pH in a manner similar to the non-FFWO HSV-1
strain KOS (20). ANG path virions were treated with pH 5.0 for 10 min, neutralized for
10 min, and then assayed for FFWO. Virions pretreated with pH 7.4 (Fig. 3A) and then
added to cells for 3 h triggered fusion of cell membranes as indicated by clustering of
nuclei. The pH 5.0-pretreated virions (Fig. 3B) had reduced FFWO activity, mediating an
intermediate level of fusion between that of pH 7.4-treated virions and that of unin-
fected cells (Fig. 3C). The pH 7.4 pretreatment resulted in a baseline fusion activity of
71%, while pH 5.0 pretreatment reduced fusion to 43% (Fig. 3D). Together, the results
suggest that a defect in fusion function is responsible for mildly acidic-pH inactivation
of HSV-1. The FFWO results are consistent with a model by which low pH acts as a
trigger or activator of HSV-1 membrane fusion.

Multiple, sequential low-pH exposures drastically reduce HSV-1 infectivity. A
single 20-min exposure to pH 5.0 irreversibly inactivated HSV-1 by ~40% (Fig. 1). From
the time of assembly and egress of a newly synthesized virion to its entry into a new
target cell, a single enveloped HSV particle may encounter multiple acidic-pH environ-
ments (2, 31). We next assessed the effect of multiple low-pH exposures on HSV-1
infectivity. Virions were treated at pH 5.0 for 10 min and then neutralized to pH 7.4 for
an additional 10 min (Fig. 4; 1X). This process was also repeated for a total of two or
four times, representing 2X or 4X sequential treatments, respectively. The infectivity of
virions subjected to one cycle of acidification and neutralization was decreased by
~50% (Fig. 4). Following two sequential treatments, there was a 1-log reduction in
infectivity. Four sequential treatments resulted in an ~2.5-log loss in infectivity. Virions
in the 4X sample were subjected to pH 5.0 for a total of 40 min. To rule out whether
the reduction in infectivity was due to the prolonged exposure to pH 5.0 rather than
the sequential pH treatments, virions were treated continuously with pH 5.0 for 40 min
followed by 40 min at pH 7.4 (Fig. 4; nonsequential). The virions treated nonsequentially
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FIG 4 Effect of multiple, sequential low-pH exposures on HSV-1 infectivity. Extracellular HSV-1 KOS
virions were treated for 10 min with pH 5.0 and then neutralized to pH 7.4 for 10 min (1X). This treatment
was repeated for a total of two (2X) or four (4X) times. Virus titers were determined on Vero cells.
Nonsequential samples were treated with pH 5.0 for 40 min and neutralized to pH 7.4 for 40 min. Data
are the means from four replicates with standard errors. The P values were determined using Student’s
t test (*, P < 0.01; **, P < 0.001). Results are representative of three independent experiments.

lost infectivity in a manner similar to the 1X-treated sample, suggesting that the
multiple, sequential low-pH treatments were responsible for the more deleterious
effect on infectivity. Thus, low pH markedly reduces HSV-1 infectivity, and multiple
low-pH exposures during the HSV replication cycle may ultimately decrease virion
infectivity.

Low-pH-triggered change in the gB oligomer is exquisitely reversible. Mildly
acidic pH reversibly alters features of the gB quaternary structure as measured by
multiple assays (16, 18). Here, we utilized one such assay that measures the sensitivity
of gB to SDS and low pH. Oligomers of gB are stable in the presence of 1% SDS;
however, treatment with low pH renders the gB oligomer susceptible to disruption by
1% SDS, resulting in the disappearance of a slow-migrating gB species when resolved
under native PAGE conditions. We refer to this disappearance of slower-migrating gB
species as oligomeric change. Low-pH-treated virions neutralized to pH 7.4 are not
sensitive to 1% SDS destabilization, consistent with reversibility of the oligomeric
change. To determine if this change could occur multiple times, virions were exposed
to pH 7.4 or pH 5.1 for 10 min (Fig. 5). Following pH treatment, either the samples were
neutralized to pH 7.4 (5.1—7.4) or virions were treated with 1% SDS. Sequential
treatments ensued, resulting in virions being exposed to four cycles of acidification and
neutralization.

Following 10 min of low-pH treatment and treatment with 1% SDS, the slower-
migrating gB species disappeared (Fig. 5), consistent with previous results (18). Ten
minutes of neutralization resulted in the reappearance of the slower-migrating band,
suggesting that the conformational change in gB oligomer was reversible under these
conditions. The oligomeric change and its reversibility occurred four times sequentially.
Less gB was detected following 4X treatment. Overall, the conformation change in gB
measured by this approach is freely reversible following either sequential, low-pH
exposures (Fig. 5) or prolonged exposures (see Fig. 7B below).

gB undergoes irreversible changes in antigenic conformation following se-
quential low-pH exposures. In addition to low-pH-triggered conformational changes
in the quaternary structure of gB, the prefusion conformation of gB undergoes low-
pH-triggered changes in domains | and V. These changes are at least partially reversible
and are thought to be important for membrane fusion. Since infectivity is severely and
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FIG 5 Effect of sequential, low-pH exposures on conformation of gB oligomer. Extracellular HSV-1 KOS
virions (10° PFU) were treated with pH 5.1 for 10 min and neutralized back to pH 7.4 for 10 min for the
indicated number of times. Samples were treated with 1% SDS and separated by “native” PAGE (54).
Western blots were probed with monoclonal antibody H1359 to gB. Each blot shown is representative
of at least three independent experiments. Number at left is molecular mass in kilodaltons.
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FIG 6 Conformational change in gB from virions that have undergone a series of low-pH treatment
reneutralization cycles. (A) Extracellular HSV-1 KOS virions (10 PFU) were treated with pH 5.0 for 10 min
and neutralized back to pH 7.4 for 10 min for the indicated number of times. Samples were immediately
blotted to nitrocellulose and probed at neutral pH with the indicated monoclonal antibody to gB. Each
blot shown is representative of at least three independent experiments. (B) gB monomer with specific
domains indicated by color (left) and space-filling model of gB trimer with surface-exposed epitopes
detected by gB-specific monoclonal antibodies (right) (42). Domain | MAb H126 maps to residue 303 (42),
and MAb SS55 maps to residues 203, 335, and 199 (51). Domain Ill MAb H1359 maps to residues 457 to
475 (49). Domain IV MAb SS10 maps to residues 640 to 670 (50). Domain V MAb SS144 maps to residues
697 to 725 (42), and MAb DL16 maps to residues 678 to 730 (51). Domain VI MAb H1817 maps to residues
31 to 43, which are unresolved in the crystal structure (50).

irreversibly impacted by multiple sequential low-pH exposures (Fig. 4) and yet the gB
oligomeric change remains reversible, we tested the effect of sequential treatments on
the pH-triggered changes in the antigenic conformation of gB and their reversibility.

Domain | of gB contains internal hydrophobic fusion loops that are critical for
membrane fusion (32, 33). The domain | epitope recognized by monoclonal antibody
(MAb) H126 underwent two low-pH-induced conformational changes and subsequent
reversibility (Fig. 6). Following a third low-pH exposure, there was a third conforma-
tional change detected by a loss of H126 reactivity. However, following a third
neutralization, notably H126 reactivity did not return, suggesting that an irreversible
change in gB had occurred. MAb SS55 (domain ) detected reversible conformational
changes throughout these exposures. The results suggest that following each cycle of
acidification and neutralization, the reactivity of a given MAb is similarly reduced.
Whether sequential, different changes in gB conformation are occurring concurrently is
not clear.

MAb H1359 (to domain Ill) exhibited a partial loss of reactivity following 2X or
greater sequential exposures. Interestingly, the change following 4X treatment ap-
peared to be irreversible. Low-pH-induced alterations in gB domain Il have not been
reported previously. The MAb to domain 1V, SS10, did not exhibit loss of reactivity
throughout the sequential exposures. A domain V epitope detected by DL16 under-
went reversible conformational changes throughout the sequential treatments. An-
other domain V epitope, detected by MAb SS144, underwent three sequential confor-
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FIG 7 Effect of prolonged low-pH exposure on HSV-1 infectivity and gB conformation. (A) Extracellular KOS virions
were incubated for 10 min or 3 h at pH 7.4 or pH 5. Virions were neutralized for 10 min, and infectivity was
determined by plaque assay on Vero cells. Infectivity of the sample treated with pH 7.4 was set to 100%. Data are
the means from four replicates with standard errors. The P value was determined using Student’s t test. (B) Virions
were treated with pH 7.4 or 5.0 for 10 min or 3 h, and virions were neutralized for 10 min if reversibility was being
tested, treated with 1% SDS, and analyzed as described for Fig. 5. Number at left is molecular mass in kilodaltons.
(C) Virions were treated with pH 7.4 or 5.0 for 10 min or 3 h and then neutralized for 10 min if reversibility was being
tested, and antigenic reactivity was determined as described for Fig. 6. Results are representative of three
independent experiments.

mational changes and reversals but became irreversibly altered following a fourth
conformational change. MAb H1817 (domain IV), which recognizes an epitope near the
gB N terminus, exhibited similar reactivities throughout the different exposures. Thus,
following multiple sequential low-pH exposures, virion gB retains the ability to undergo
reversible conformational changes in several of the epitopes tested, but the H126
epitope in the fusion domain and the SS144 epitope underwent irreversible confor-
mational change following a third or fourth low-pH exposure, respectively. This con-
trasts with the reversibility of low-pH-triggered changes in the gB oligomer (Fig. 5). This
suggests that the conformational changes in the H126 and SS144 epitopes are sepa-
rable from the oligomeric alteration.

Prolonged mildly acidic-pH exposure results in virtually complete inactivation
of herpesvirus virions and an irreversible change in the fusion domain of gB. The
irreversible conformational changes in gB (Fig. 6) correlate with an ~2.5-log irreversible
reduction in infectivity (Fig. 4). We tested if prolonged low-pH inactivation had a similar
pronounced effect on infectivity and on the reversibility of gB conformational
changes. Ten minutes of preexposure to pH 5.0 is not sufficient to inactivate the
majority of virions (2) (Fig. 4). To test if prolonged low-pH exposure was sufficient
to more completely ablate infectivity, we incubated HSV-1 virions for 3 h at pH 5.0.
Treated virions were neutralized, and infectivity was assessed. Indeed, prolonged
low-pH incubation resulted in a dramatic decrease in infectivity (>2 log; >99%
inhibition) (Fig. 7A).

Virions treated under prolonged-duration conditions were subjected to gB oligo-
meric analysis. Following pH treatment of virions for 3 h, changes in the gB oligomer
still occurred and were reversible. Low-pH pretreatment reduced the amount of
slower-migrating oligomeric gB, and following 10 min of neutralization, this species
returned (Fig. 7B). Altogether, the gB oligomeric change remained reversible under all
test conditions.

After confirmation that gB oligomeric change is reversible following prolonged
low-pH exposure, virions were subjected to gB antigenic analysis (Fig. 7C). Following 3
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h of pH 5.0 treatment, MAb H126 had reduced reactivity, and reactivity was not
reversible upon neutralization, indicating an irreversible change. Another domain |
antibody, SS55, had reduced reactivity with virion gB that had been exposed to pH 5.0
for 10 min or 3 h. This conformational change, however, remained reversible. Domain
V antibodies DL16 and SS144 yielded similar results. The reversibility of changes in the
SS144 epitope differed following prolonged or sequential treatments for reasons that
are not clear; perhaps the manners in which gB conformation is affected are slightly
different between these two assays.

MAb H1817 exhibited a loss of reactivity following 3 h at pH 5.0, but upon
neutralization, antibody reactivity returned. Interestingly, H1359 and H1817 epitopes
appeared to undergo conformational changes following 3-h pH 5.0 treatment, whereas
10-min treatment had no detectable effect as reported previously (16, 18). SS10 had
similar reactivities under all tested conditions.

Three hours of low-pH pretreatment of HSV-1 irreversibly inactivates >99% of
virions, and the H126 domain | change remains irreversible following this treatment.
The results (Fig. 6A and 7C) represent the first irreversible conformational changes in gB
identified to date. We propose that mildly acidic pH inactivates HSV at least in part due
to irreversible changes induced in the gB fusion domain.

DISCUSSION

Endosomal low pH is required for HSV entry into a subset of pathophysiologically
relevant cell types. In a related manner, mildly acidic pH reduces the infectivity of
isolated virions. Our results reveal the mechanism of low-pH inactivation of HSV:
defective fusion activity. We also demonstrate that irreversible conformational changes
in the class Ill fusion protein gB correlate with irreversible inactivation of infectivity. The
conformational changes that govern herpesvirus membrane fusion during entry are not
easily captured. Changes concurrent with low-pH inactivation of isolated virions may
reflect those that drive pH-dependent fusion during HSV entry. The data support a
model in which the functional region of gB that contains the fusion domain confers
sensitivity of HSV to mildly acidic-pH inactivation. We propose that similar gB confor-
mational changes in this domain are critical for membrane fusion.

Low-pH inactivation of HSV is irreversible. Short exposures of HSV to mildly acidic
pH result in irreversible and partial inactivation of infectivity (2, 9, 10, 20, 22, 23).
Virtually complete, irreversible inactivation of HSV requires hours of pretreatment with
mildly acidic pH (Fig. 7A). Similarly, 6-h pretreatment of rabies virus with low pH
completely inactivates fusion activity. This loss of fusion activity correlates with irre-
versible conformational changes in the rabies virus class lll fusion protein G (6). In contrast,
irreversible low-pH inactivation of viruses bearing class | or class Il fusion proteins occurs
within minutes (5, 8). Following low-pH treatment of HSV-1, inactivation is irreversible, even
if virions are permitted to recover at neutral pH for hours. In contrast to HSV-1, when
low-pH-treated rabies virus is allowed to recover at neutral pH, inactivation becomes
reversible with fusion activity restored (21). This discrepancy may be explained by the
more complex fusion mechanism of HSV-1, which requires the action of at least four
distinct glycoproteins. Further, low pH alone does not induce HSV-1 fusion (34),
whereas it is sufficient for fusion mediated by rhabdovirus and baculovirus class I
fusion proteins (21, 35). Low-pH treatment of cells expressing HSV-1 gD and gB
mutants and an HSV-2 gH/gL mutant enhances cell-cell fusion in the absence of a
gD receptor (36).

Irreversible change in gB following low-pH exposure. Reversible conformational
changes are unique to the class Ill fusion protein family and have been hypothesized
to permit the virus to travel through acidic compartments during egress without
pretriggering the fusion machinery (1, 18, 21, 37). To avoid pretriggering, some
enveloped viruses maintain their fusion protein in an inactive precursor form until it is
cleaved posttranslationally by a host cell endoprotease (38). During the HSV replication
cycle, HSV particles can encounter low pH multiple times. Newly synthesized virions
may egress through acidic compartments (31, 39, 40). Released progeny virions that
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subsequently infect a naive epithelial cell are thought to again encounter endosomal
low pH during entry (2). Following in vitro simulation of these exposures, infectivity was
recovered after a single round of low-pH exposure but was increasingly inactivated by
additional exposures. Cell-associated virions, some of which have presumably been
only minimally subjected to acidic compartments, were similarly susceptible to low-pH
inactivation (data not shown). Together, our data indicate that for HSV, reversibility of
conformational change does not protect the virus from premature exposure to low pH,
despite gB being a class Ill fusion protein.

Both sequential and prolonged pH treatments of HSV-1 resulted in previously
undetected irreversible changes in gB. Switching HSV-1 back and forth between neutral
and low pHs may be harsher on the virus and on gB than a single prolonged exposure
to low pH (Fig. 4 to 7). Previously, MAbs to a given gB domain, such as H126 and SS55
to domain |, all reacted similarly to HSV-1 gB treated for 10 min. Here, conformational
changes suggested by the lack of MAb reactivity are reversible for SS55 but irreversible
for H126, suggesting that the gB subdomains do not change en masse in response to
low pH. Rather, mildly acidic pH induces distinct conformational changes within a
particular domain. Likewise, pH-induced changes in gB domains | and V were previously
thought to be similar (16, 18, 20), particularly since these domains are in close proximity
in the postfusion structure, but the results described here suggest that domain |
conformational changes occur independently of the changes in domain V.

MAb H126 has complement-independent, virus-neutralizing activity and binds to gB
domain |, the fusion domain (41-43). The H126 epitope becomes less accessible upon
exposure of gB to low pH both in vitro and during viral entry (18). H126 blocks
virion-induced FFWO, and a hyperfusogenic, FFWO form of virion gB bears an H126
epitope with altered accessibility (27). Thus, the conformation of low-pH-treated wild-
type gB is similar to the antigenic conformation of a mutant gB with enhanced fusion
activity, supporting the notion that low pH triggers gB fusion activity. Also, H126
neutralizes HSV entry into cells to similar extents regardless of whether the cells support
low-pH entry or pH-independent entry (10, 27). We propose that MAb H126 neutralizes
HSV infection by inhibiting fusion, possibly by blocking gB conformational change or by
preventing contact of fusion loops with the target membrane. Interestingly, the H126
epitope is less accessible in the structure of a full-length membrane-bound gB deter-
mined by cryo-electron tomography than in the postfusion ectodomain structure (44).
Thus, low-pH-treated gB may resemble this available cryostructure.

This work distinguishes changes in gB antigenic structure from changes in the
quaternary structure of gB. Low-pH-triggered changes in both the gB antigenic and
oligomeric structure were previously reported to be reversible, to have similar pH
thresholds, and to occur over similar pH ranges (16, 18, 45). A possible explanation for
these results is that the approaches employed were measuring aspects of the same
conformational change. Results reported here suggest that this is not the case. Oligo-
meric changes as detected by oligomer-specific MAb DL16 or the SDS stability assay are
exquisitely reversible. However, under the same treatment conditions, the reduction
of reactivity of MAbs H126 and SS144 becomes irreversible. This suggests that these
two approaches are measuring distinct acid-induced conformational changes in gB.
HSV gB is an oligomer, and a truncated ectodomain form is trimeric (42, 46). Several
lines of evidence suggest that low pH triggers gB to assume a lower-density
oligomeric conformation (18). The precise identity of the distinct gB-containing
high-molecular-weight complexes is not known. Whether they represent, for example,
distinct trimeric conformations or hetero-oligomeric complexes with another protein(s)
is under investigation.

Virions exposed to low pH either for 3 h or for 4 sequential times were robustly and
irreversibly inactivated. In both cases, there was an irreversible change in gB, which
we propose is partly responsible for inactivation (Fig. 5 and 7B). However, the
irreversible effect on infectivity following 10 min of low-pH exposure does not appear
to correlate with changes in the H126 epitope of gB, which are reversible under these
same conditions. The irreversible 10-min inactivation of virions, albeit limited, may be
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due to changes other than those detected here. Alternately, the dot blot approach may
not be sensitive enough to detect a similarly limited reduction in H126 reactivity.

Low-pH preexposure of virions reduces HSV infectivity into cells that support diverse
pathways of entry regardless of a low-pH requirement, suggesting that inactivation
targets a feature that is conserved. Our results suggest that the mechanism of inacti-
vation lies in a perturbation of the fusion function and not at the level of cell
attachment or engagement of gD receptor (Fig. 2) (16). Low-pH pretreatment of virions
also reduces entry into Vero cells, which support direct fusion of HSV with the plasma
membrane, consistent with mildly acidic pH inactivating virus-cell fusion. A longstand-
ing assay of HSV-1 entry kinetics relies on inactivation of noninternalized, attached
virions by pH 3.0 buffer (24, 47). It is not yet clear whether inactivation by pH 3.0 and
that by the more physiologically relevant mildly acidic pH share a similar mechanism.
Low-pH-triggered changes have also been detected in herpesvirus gH (19, 48). It
remains to be determined whether gH is an additional target of acid inactivation. We
propose that changes in the region of gB containing fusion loops are responsible for
low-pH inactivation and that, correspondingly, similar changes are critical for the
activation of the HSV fusion machinery during viral entry.

MATERIALS AND METHODS

Cells and viruses. Vero cells (American Type Culture Collection, Manassas, VA) were propagated in
Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher Scientific, Waltham, MA) supplemented with
10% fetal bovine serum (FBS; Atlanta Biologicals. Atlanta, GA). HSV-1 strains KOS (a gift from Priscilla
Schaffer, Harvard University) and ANG path (a gift from Thomas Holland, Wayne State University) were
propagated on Vero cells, and their titers were determined.

Preparation of HSV-1. Vero cells were infected with HSV-1 at a multiplicity of infection (MOI) of 0.05.
At 72 h postinfection (p.i.), infected-cell supernatant was centrifuged at 27,000 X 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 and stored at —80°C.

Antibodies. Anti-HSV-1 gB mouse monoclonal antibodies H126 (41) (domain | [42]), H1359 (domain
Il [49]), and H1817 (49) (domain VI [50]) were purchased from Virusys, Taneytown, MD. Anti-gB
monoclonal antibodies DL16 (domain V [51]), SS10 (domain IV [50]), SS55 (52) (domain | [51]), and SS144
(50) (domain V [42]) were provided by G. Cohen and R. Eisenberg, University of Pennsylvania. MAbs H126,
SS10, SS55, and SS144 neutralize HSV-1 infectivity (41, 50).

Prolonged neutralization of low-pH inactivation. HSV-1 KOS was diluted in fusion medium: serum-
free, sodium bicarbonate-free DMEM, containing 5 mM HEPES, 5 mM 2-(N-morpholino)ethanesulfonic acid
(MES, Sigma, St. Louis, MO), 5 mM sodium succinate (Sigma), and 0.2% bovine serum albumin (BSA).
Medium containing virions was adjusted to pH 7.4 or 5.0 with HCl at 37°C for 20 min. The pH 5.0-treated
virions were then neutralized to pH 7.4 with a pretitrated amount of NaOH for 10, 60, or 120 at 37°C and
added to Vero cells. At 2 h p.i,, inoculum was replaced with DMEM containing 10% FBS. At 18 to 24 h
p.i., cells were fixed with 2:1 methanol-acetone. Plaques were visualized with HSV-1 polyclonal antibody
HR50 (Fitzgerald Industries, Acton, MA) and protein A conjugated with horseradish peroxidase (Thermo
Fisher Scientific).

Attachment of HSV to cells. HSV-1 KOS virions were treated with Turbo DNAfree (Thermo Fisher
Scientific) to remove any extravirion DNA. Treated virions were diluted in fusion medium, treated for 10
min at 37°C with pH 5.0, and neutralized to pH 7.4 for 10 min. Heparin (2 ng/ml; Sigma) was added to
virions as an inhibition of attachment control. Vero cells grown on coverslips were chilled, and ice-cold
virions were added (40 genome copies per cell) followed by spinoculation at 200 X g for 1 h at 4°C (53).
Cells were washed three times with ice-cold phosphate-buffered saline (PBS; Thermo Fisher Scientific)
and then trypsinized. DNA was harvested from single-cell suspensions using the QIAamp DNA blood
minikit (Qiagen, Germany), and ICP22 copy number was determined using qPCR (9, 34).

Fusion-from-without (FFWO) activity. Confluent Vero cells were pretreated with 0.5 mM cyclohex-
imide (Sigma) for 15 min. Cell-free HSV-1 ANG path virions were diluted in fusion medium adjusted to
pH 7.4 or 5.0 for 10 min at 37°C, neutralized for 10 min, and bound to cells (MOI, ~50) via spinoculation
at 200 X g for 1 h at 4°C. FBS (10%) was added, and cells were shifted to 37°C for 3 h in the presence
of cycloheximide. Cells were washed with PBS and fixed in 100% methanol. Monolayers were air dried
and stained with Giemsa stain (Sigma). Micrographs were captured with a Zeiss Axiovert 40C microscope
equipped with a Canon PowerShot G6 digital camera. Random fields of >300 nuclei were scored. The
number of nuclei in contact with two or more nuclei divided by the total number of nuclei and then
multiplied by 100% yielded the percent fusion.

Infectivity of HSV sequentially exposed to low pH. HSV-1 KOS virions were diluted in pH 7.4 fusion
medium, adjusted to pH 5.0 for 10 min at 37°C with HCl, and then neutralized to pH 7.4 using equivalent
NaOH. This represents “1X" sequential treatment. This process was repeated twice (2X) or four times
(4X). Nonsequentially exposed virions were treated at pH 5.0 for 40 min and neutralized to 7.4 for 40 min.
Sample titers were then determined on Vero cells.
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Analysis of gB oligomeric structure by PAGE. HSV-1 KOS virions were diluted in fusion medium

and adjusted to pH 7.4 or pH 5.0 for 10 min at 37°C. To test reversibility, samples were neutralized for
10 min, representing 1X sequential treatment. Virions were exposed to low pH sequentially 2 times or
4 times. For prolonged neutralization, virions were incubated at pH 7.4 or 5.0 for 3 h and neutralized for
10 min when testing reversibility. Following pH exposures, 1% SDS was added. Samples were subjected
to “native” (nonreducing, semidenaturing) PAGE essentially as described by Cohen et al. (54). Modified
Laemmli buffer containing 0.2% SDS and no reducing agent was added to samples. Unheated samples
were resolved via PAGE and transferred to nitrocellulose. Membranes were blocked and probed with gB
MAb H1359. Following incubation with horseradish peroxidase-conjugated secondary antibody, Super-
Signal West Dura extended-duration substrate (Thermo Fisher Scientific) was added, and membranes
were exposed to X-ray film (Genesee Scientific).
Dot blot analysis of antigenic reactivity. HSV-1 KOS was diluted in fusion medium. Virions were
adjusted to pH 7.4 or 5.0 for 10 min at 37°C. Samples were either blotted directly to nitrocellulose
(Minifold dot blot apparatus; Whatman, Little Chalfont, Buckinghamshire, United Kingdom) or neutralized
to pH 7.4. The sequentially treated samples were then reexposed to pH 5.0 followed by neutralization.
This process was repeated one, two, three, or four times. Samples subjected to prolonged low-pH
treatment were incubated at pH 7.4 or 5.0 for 3 h at 37°C and either blotted immediately or first
neutralized to pH 7.4 for 10 min at 37°C. Membranes were blocked with 5% milk in PBS. Anti-gB
antibodies were added to membranes at neutral pH followed by horseradish peroxidase (HRP)-
conjugated secondary antibody (Thermo Fisher Scientific). SuperSignal West Dura extended-duration
substrate (Thermo Fisher Scientific) was added, and membranes were exposed to X-ray film (Genesee
Scientific, San Diego, CA).
Infectivity of HSV exposed to low pH for a prolonged period. HSV-1 KOS virions were diluted in
pH 7.4 fusion medium and adjusted to pH 5.0 for 3 h at 37°C. Virions were neutralized to pH 7.4 for 10
min prior to determining titer on Vero cells.
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