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The cellular requirements for activation of herpesvirus fusion and entry remain poorly understood. Low pH
triggers change in the antigenic reactivity of the prefusion form of the herpes simplex virus (HSV) fusion
protein gB in virions, both in vitro and during viral entry via endocytosis (S. Dollery et al., J. Virol. 84:3759–
3766, 2010). However, the mechanism and magnitude of gB conformational change are not clear. Here we show
that the conformation and oligomeric state of gB with mutations in the bipartite fusion loops were similarly
altered despite the fusion-inactivating mutations. Together with previous studies, this suggests that fusion loop
mutants undergo conformational changes but are defective for fusion because they fail to make productive
contact with the outer leaflet of the host target membrane. A direct, reversible effect of low pH on the structure
of gB was detected by fluorescence spectroscopy. A soluble form of gB containing cytoplasmic tail sequences
(s-gB) was triggered by mildly acidic pH to undergo changes in tryptophan fluorescence emission, hydropho-
bicity, antigenic conformation, and oligomeric structure and thus resembled the prefusion form of gB in the
virion. In contrast, soluble gB730, for which the postfusion crystal structure is known, was only marginally
affected by pH using these measures. The results underscore the importance of using a prefusion form of gB
to assess the activation and extent of conformation change. Further, acidic pH had little to no effect on the
conformation or hydrophobicity of gD or on gD’s ability to bind nectin-1 or HVEM receptors. Our results
support a model in which endosomal low pH serves as a cellular trigger of fusion by activating conformational
changes in the fusion protein gB.

Membrane fusion during enveloped virus entry is mediated
by conformational change in viral fusion proteins triggered by
cellular factors such as endosomal low pH, receptor binding, or
proteolytic cleavage. Herpesviruses are a paradigm for viral
entry mediated by a multicomponent fusion machinery. Her-
pes simplex virus (HSV) glycoproteins gB, gD, and gH-gL are
necessary for entry and membrane fusion (12, 35, 55). Herpes-
viral fusion and entry are further complicated by the likely
requirement of multiple cellular cues. There is mounting evi-
dence for the critical, direct role of endosomal pH during HSV
entry by endocytosis, which is the predominant entry pathway
for HSV in many cell types, including human epithelial cells
(40, 41).

We recently demonstrated that the prefusion conformation
of the HSV fusion protein gB is altered in direct response to
low pH (20), providing in part, a possible molecular explana-
tion for why herpesviruses require endosomal pH for entry.
Specifically, a mildly acidic pH of ��6.2 causes specific
changes in the antigenic structure of the functional region of
gB containing the hydrophobic, bipartite fusion loops. Impor-

tantly, this conformational change is also detected during viral
entry by endocytosis, when the incoming virus arrives in an
acidic compartment. Three independent approaches were used
to demonstrate that a similar range of pHs causes a change in
the oligomeric structure of gB. Low pH triggers gB to become
more hydrophobic, suggesting that membrane-interacting re-
gions are revealed. A highly fusogenic form of gB has antigenic
changes similar to those induced in wild-type gB by acidic pH
(49), suggesting that gB conformation change correlates with
fusion activity. All conformational changes in gB detected to
date are reversible, which is a hallmark of class III fusion
proteins.

gB is conserved among all herpesviruses. The crystal struc-
ture of gB730, an ectodomain fragment of HSV type 1
(HSV-1) gB bears striking architectural homology to the low-
pH, postfusion form of G glycoprotein from vesicular stoma-
titis virus (33, 47). In this report, the extent and nature of gB
conformation changes were investigated. We demonstrate that
reversible, pH-triggered changes in gB occur regardless of fu-
sion loop activity and that low pH has little to no effect on the
conformation or function of gD. We also investigate the ca-
pacity of two recombinant forms of soluble gB to undergo
changes in response to low pH. The results suggest that the
soluble ectodomain of gB directly fused to the cytoplasmic tail
undergoes conformational changes and may reflect the prefu-
sion structure of gB present in the virion. Further, gB730, for
which the crystal structure is known, resembles gB that is
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locked in a postfusion conformation which undergoes limited
conformational change.

MATERIALS AND METHODS

Cells and viruses. Vero cells (American Type Culture Collection; ATCC;
Rockville, MD) were propagated in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen, Grand Island, NY) supplemented with 10% fetal bovine
serum (FBS) (Gemini Bio-Products, West Sacramento, CA). HSV-1 strain KOS
(provided by Priscilla Schaffer, Harvard University) and HSV-2 strain 333 (pro-
vided by Stephen Straus, National Institutes of Health) were propagated and
titers were determined on Vero cells.

Recombinant baculoviruses expressing gC(457t) (60), gD(�290-299t) (44),
HVEMt (64), or nectin-1t (36) were obtained from Gary Cohen and Roselyn
Eisenberg, University of Pennsylvania. Baculoviruses were grown and titers de-
termined as described previously (66).

Purified proteins. Recombinant s-gB is HSV-2 strain 333 gB with its trans-
membrane domain deleted and the cytoplasmic tail fused directly to the ectodo-
main. Specifically, ectodomain residues Ala23 to Asn725 are fused to tail resi-
dues Gln799 to Leu904 (58, 65). s-gD is a similarly constructed soluble form of
HSV-2 333 gD (58). s-gB and s-gD were produced in CHO cells and obtained
from Stephen Straus, NIAID. gC(457t) (60) is HSV-1 strain KOS gC truncated
at residue 457 just prior to the transmembrane region (TMR). gB730 (a gift from
R. Eisenberg and G. Cohen [10]) is truncated at residue 730 and lacks TMR and
cytoplasmic tail regions. It is expressed in Sf9 insect cells. gD(�290-299t) (44) is
HSV-1 strain KOS gD truncated at residue 306 with a 4-amino-acid linker
inserted in place of amino acids 290 to 299 and has a higher affinity for receptors
than its wild-type counterpart (44). gD(�290-299t) lacks TMR and cytoplasmic
tail sequences. HVEMt (64) and nectin-1t (36) are truncated at residues 200 and
346, respectively. gC(457t), gD(�290-299t), HVEMt, and nectin-1t each have a
6-histidine C-terminal tag and were purified from recombinant baculovirus-
infected Sf9 cell supernatants by metal-chelate affinity chromatography essen-
tially as described previously (66).

Antibodies. Anti-gB monoclonal antibodies (MAbs) H126 (domain I), H1359
(domain III), and H1817 (domain VI) were purchased from Virusys. Anti-gB
monoclonal antibodies DL16 (trimer-specific), SS10 (domain IV), SS55 (domain
I) (9), SS106 (domain V), and SS144 (domain V) (8) and R69 polyclonal anti-
body to gB were provided by G. Cohen and R. Eisenberg, University of Penn-
sylvania. MAb 1C8 (25) to gC and anti-gD MAbs DL11 (group Ib) (15), DL6
(group IIb) (21), and DL2 (group VI) (15) were provided by R. Eisenberg and
G. Cohen. MAb 1103 (group VII) (45) to gD was purchased from Rumbaugh-
Goodwin Institute, Plantation, FL.

Intrinsic fluorescence spectroscopy. A 10- to 20-�g/ml portion of s-gB (7 Trp
residues), gB730 (7 Trp residues), gC(457t) (8 Trp residues), s-gD (6 Trp resi-
dues), gD(�290-299t) (4 Trp residues), or ovalbumin (3 Trp residues) was pre-
pared in 137 mM NaCl and 5 mM (each) HEPES (Life Technologies), 2-(N-
morpholino)ethanesulfonic acid (MES) (Sigma), and sodium succinate (Sigma)
to achieve final pHs ranging from 7.3 to 5.1. Proteins were incubated at 37°C for
2 min. Using a Shimadzu RF-5301PC spectrofluorophotometer, samples were
excited at 280 nm. A 10-nm spectral bandwidth with a 0.5-s response time was
used. Emission was recorded over 310 to 400 nm. To test the reversibility of the
pH-induced spectral transition, samples were prepared at pH 5.1, incubated for
2 min at 37°C, and then neutralized with a predetermined amount of NaOH. For
control samples, water was added in place of NaOH, which did not alter the shift
in peak emission.

Dot blot analysis. Purified HSV glycoproteins, cell-free virion preparations, or
infected cell lysates were diluted in serum-free, bicarbonate-free DMEM with
0.2% bovine serum albumin (BSA) and 5 mM (each) HEPES, MES, and sodium
succinate to achieve final pHs ranging from 7.4 to 4.8. Samples were incubated
at 37°C for 10 min. Samples either were blotted directly to nitrocellulose with a
Mini Fold dot blot system (Whatman) or were first neutralized by addition of
pretitrated amounts of 0.05 N NaOH. Membranes were blocked and incubated
with antibodies to gB or gD. After incubation with horseradish peroxidase-
conjugated secondary antibodies, enhanced chemiluminescent substrate (Pierce)
was added, and blots were exposed to X-ray film (Kodak).

Antigenic analysis of gD by ELISA. Portions (8 �g/ml) of gD(�290-299t) in
phosphate-buffered saline (PBS) were bound to microtiter plates overnight at
4°C. Plates were incubated with 1% BSA and 1% chicken egg ovalbumin in PBS
(blocking buffer) for 1 h at room temperature. Dilutions (2-fold) of MAb DL11,
DL6, 1103, or 1C8 were added for 1 h at room temperature. Protein A-peroxi-
dase (Roche) in blocking buffer was added for 1 h at room temperature. Next,
2,2�-azinobis(3-ethylbenzthiazolinesulfonic acid (Pierce) substrate was added.
The A410 was recorded with a microtiter plate reader (Biotek).

gD binding to cognate receptors measured by ELISA. The methods for gD
binding to cognate receptors were modified from references 36 and 64. Soluble
receptors HVEMt (15 �g/ml) or nectin-1t (10 �g/ml) in PBS were bound to
microtiter plates overnight at 4°C. Plates were blocked with blocking buffer for
1 h at room temperature. Dilutions of gD(�290-299t) that had been adjusted to
pH 4.7 for 10 min at 37°C, heated to 80°C for 10 min, or mock treated were
prepared in blocking buffer and were added for 3 h at room temperature.
Anti-gD MAb DL6 in blocking buffer was added for 1 h at room temperature.
Detection with protein A-peroxidase and substrate was as indicated above for the
antigenic enzyme-linked immunosorbent assay (ELISA). Nonspecific binding of
gD in the absence of receptor was subtracted as background.

Triton X-114 partitioning. As described in reference 20, 200-ng portions of
soluble forms of gB, gC, or gD were incubated with 2% Triton X-114 in fusion
medium buffered to various pHs on ice for 10 min. Samples were incubated at
37°C for 10 min and then centrifuged at 300 � g for 3 min at 25°C. Aqueous and
detergent phases were collected and immunoprecipitated with MAb H1359 to gB
or MAb DL6 to gD. Precipitates were analyzed by SDS-PAGE followed by
Western blotting.

Analysis of gB oligomeric structure by PAGE. As described in reference 20,
infected cell lysates were diluted in the same medium used for dot blot analysis.
Samples were adjusted to the indicated pHs with pretitrated amounts of 0.05 N
HCl and incubated at 37°C for 10 min. SDS (1%) was then added or samples
remained untreated. Polyacrylamide gel electrophoresis (PAGE) sample buffer
containing 0.2% sodium dodecyl sulfate (SDS) and no reducing agent was added
(“native” conditions), and proteins were resolved by PAGE. After transfer to
nitrocellulose, membranes were blocked and incubated with rabbit polyclonal
antibody specific for gB (provided by G. Cohen and R. Eisenberg). After incu-
bation with horseradish peroxidase-conjugated secondary antibodies, enhanced
chemiluminescent substrate (Pierce) was added and membranes were exposed to
X-ray film (Kodak).

Preparation of lysates of cells infected with recombinant HSVs expressing gB
with fusion loop mutations. The construction of mutant HSVs bearing gB with
a Y179K mutation in fusion loop 1 or A261D in fusion loop 2 was described
previously (67). F6 cells (24) (provided by Tony Minson, Cambridge University)
were derived from Vero cells, express HSV-1 gH, and were maintained in
DMEM with 8% FBS and 150 �g/ml G418 (Mediatech, Herndon, VA). F6 cells
were infected with the following recombinant HSVs at a multiplicity of infection
(MOI) of 5 for 18 to 24 h: F-BACgH�, which expresses wild-type gB but no gH
(w.t.gB/gH�); F-BAC-gBgalK/gH�, which expresses no gB and no gH; F-BAC-
gB(Y179K); or F-BAC-gB(A261D)/gH�. Vero cells were infected with HSV-1
KOS under similar conditions. Infected cells were scraped and collected by
centrifugation at 500 � g. Cells were resuspended in DMEM with 1% FBS and
then sonicated on ice. Samples were clarified of large debris by centrifugation at
2,000 � g for 5 min.

RESULTS

Low-pH-induced changes in gB detected by intrinsic tryp-
tophan fluorescence spectroscopy. Conformational change in
HSV glycoproteins was measured by direct spectroscopic anal-
ysis. Fluorescence from the aromatic amino acid tryptophan is
sensitive to the nature of its local environment. Following
excitation at 280 nm, tryptophan has emission spectra centered
between 330 and 340 nm. A shift in the emission wavelength
maximum is an indicator of conformation change (7). The
intrinsic fluorescence emission spectra of purified forms of
HSV gB, gC, or gD were recorded at pH 5.1 or 7.3 (Fig. 1).

At the neutral pH of 7.3, s-gB had a peak emission at 330
nm. Upon treatment at a pH of 5.1, the emission maximum of
s-gB shifted �2 nm toward longer wavelength (Fig. 1). This
indicates change in the microenvironment of one or more
tryptophan residues and suggests surface exposure of trypto-
phan as a result of low-pH-induced conformational changes.
Interestingly, when gB730 was treated at low pH, a slight shift
toward shorter wavelength in peak emission occurred. The
seven tryptophans in s-gB and gB730 are conserved. While it is
not clear which tryptophan(s) undergo a change in microenvi-
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ronment, the results suggest that s-gB undergoes a conforma-
tional change that is different from gB730 and perhaps greater.

Reversibility of conformational change is a characteristic of
class III fusion proteins. Changes in prefusion gB antigenic
reactivity and oligomeric structure are reversible (20). When
samples were first treated at pH 5.1 and then neutralized back
to 7.4, there was little change in emission wavelength maximum
relative to either form of gB at neutral pH (Fig. 1). This
suggests that the low-pH-induced spectral transition of gB is
reversible. The tryptophan fluorescence analysis is antibody-
independent, biophysical evidence that herpesvirus gB under-
goes reversible, low-pH-induced conformational changes.

The emission wavelength maxima of gC(457t), s-gD or
gD(�290-299t) were very similar at pHs of 7.3 or 5.1 (Fig. 1).
Thus, pH-induced conformational changes were not detected
under these conditions. As an additional control, treatment
with pH 5.1 had no detectable effect on the peak fluorescence
emission spectra of the control protein ovalbumin. The ab-
sence of changes in the spectra of the other proteins further
indicates that changes in gB are specific.

Effect of low pH on the antigenic conformation of gD. Dur-
ing endocytic entry it is unclear whether the essential role of
gD occurs at the plasma membrane or inside an acidic endo-
some. There was no detectable change in the local environ-
ment of tryptophan residues in gD upon exposure to low pH
(Fig. 1). To extend this analysis, we tested the effect of pH on
the antigenic conformation of gD using a panel of MAbs to
different sites across the molecule.

The conformation of gD is important for HSV entry (22).
Soluble gD blocks viral entry (34, 44). However, reduced or
heat-denatured gD neither binds to receptors nor blocks HSV
penetration (36, 44, 64). An increase in temperature destroys
discontinuous epitopes of gD that are recognized by confor-
mation-dependent monoclonal antibodies (MAbs) such as
those belonging to groups Ib and VI (44). The group Ib MAb

DL11 blocks HSV binding to HVEM and nectin-1 and neu-
tralizes virus entry (36, 42). Group VII MAbs block both gD
binding and virion binding to HVEM (42). The group VII
epitope overlaps the N-terminal hairpin of gD which contains
contact residues for HVEM binding (13).

HSV-1 KOS virions were exposed to pHs ranging from 7.4 to
5.2 and blotted directly to nitrocellulose, and then antibody
binding was measured at neutral pH. Control polyclonal anti-
body R7 to gD detected virion gD to an equivalent extent
under all conditions tested (Fig. 2A). The four representative
MAbs to gD, DL11 (group Ib), DL6 (group IIb), DL2 (group
VI), and 1103 (group VII), displayed unaltered binding to
acid-treated virions, suggesting that pH does not induce
changes in virion gD conformation. Control MAbs to gB were
included. Four MAbs that recognize distinct epitopes in func-
tional region 1 of prefusion gB have diminished reactivity with
pH-treated gB (20). As expected, the MAb to gB domain I,
H126, displayed diminished binding to gB from virions that
had been treated at pH �6.2, and MAb H1817 (to domain VI)
had unaltered binding to low-pH-treated virions (Fig. 2A).

Antigenic ELISA (44) was performed to assess the effect
of pH on soluble gD structure. Acid-treated or untreated
gD(�290-299t) (referred to as gDt) had similar reactivity with
a range of dilutions of MAb DL6 and 1103 (Fig. 2B), indicating
that these epitopes are not obscured following exposure to low
pH. Compared with that of untreated gDt, low-pH-treated gDt
had similar reactivity overall with MAbs DL11 and DL2, al-
though slightly less reactivity was observed with intermediate
dilutions. This suggests that these discontinuous epitopes are
not destroyed following acid treatment. As expected, control
anti-gC MAb 1C8 failed to recognize either treated or un-
treated gDt (Fig. 2B). By the measures used here, acidic pH
has little detectable effect on gD conformation, including re-
gions that are important for receptor binding.

FIG. 1. Effect of acid pH on tryptophan fluorescence of HSV glycoproteins. The indicated protein (10 to 20 �g/ml) was adjusted to a pH of
7.3 or 5.1. Indicated gB samples were acidified to pH 5.1 and then reneutralized to 7.4. Excitation was performed at 280 nm, and emission was
recorded over 310 to 400 nm. Peak fluorescence is shown. Representative spectra from at least three independent experiments are shown.
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FIG. 2. Effect of low pH on the antigenic conformation of virion gD or soluble gD. (A) HSV-1 KOS virions were treated for 10 min at 37°C
with medium buffered to pHs ranging from 7.4 to 5.2. Next, 105 PFU were blotted immediately to a nitrocellulose membrane. Blots were probed
at neutral pH with gD-specific polyclonal antibody R7 or MAbs specific for gD (DL2, DL6, 1103, or DL11) or for gB (H1817 or H126), followed
by horseradish peroxidase-conjugated goat secondary antibody. (B) Microtiter plates were coated with soluble gD(�290-299t) that had been
treated with pH 7.4 or 4.7. MAb DL2, DL6, DL11, or 1103 to gD or control MAb to gC was added, followed by horseradish peroxidase-conjugated
protein A and substrate. Values shown are the means of duplicate determinations.
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Effect of low pH on the receptor-binding function of gD.
Upon binding to the HVEM receptor, HSV gD undergoes
pH-independent conformational change, resulting in move-
ment of the C terminus to reveal receptor contact sites (13, 26,
37). The effect of low pH on gD function has not been re-
ported. The ability of acid-treated, soluble gD to bind to
HVEM or nectin-1 was evaluated by a binding ELISA. Soluble
gD that was treated at pH 4.7 bound to immobilized HVEMt
in a concentration-dependent manner similar to that of un-
treated gDt (Fig. 3A). Control, heat-treated gDt, however, had
severely diminished binding activity (Fig. 3A). Acid-treated
and untreated gDt also bound comparably to immobilized nec-
tin-1t (Fig. 3B). Taken together, the results indicate that
low-pH pretreatment had no effect on the interaction of gD
with its receptors, supporting the notion that endosomal acidic
pH affects a required, post-gD binding step in entry. By the
methods used here, pH-induced changes in the structure or
function of gD were not detected (Fig. 1, 2, and 3).

The antigenic structure of s-gB is more susceptible to pH
than gB730. A soluble form of gB with its transmembrane
domain deleted and the cytoplasmic tail fused directly to the
ectodomain (s-gB) undergoes conformational changes reminis-
cent of that observed with prefusion virion gB (20). gB730
lacks the TMR and cytoplasmic tail regions, and its crystal
structure is a hairpin that is believed to reflect the postfusion
state (33). We tested the effect of low pH on the antigenic
reactivity of these two forms of gB.

s-gB or gB730 was exposed to pHs ranging from 7.4 to 5.1
and were then immediately blotted to nitrocellulose mem-

brane. Antibody binding was then assessed at pH 7.4. MAb
H126 displayed diminished binding to s-gB that had been
treated at pH �6.6 (Fig. 4A). Similar results were obtained
with a MAb to domain V, SS106 (Fig. 4A). This suggests a
specific change in the antigenic structure of the functional
region of s-gB responsible for fusion. Notably, H126 and SS106
both bound well to acid-treated gB730. Importantly, the
trimer-specific MAb DL16 displayed decreased binding to low-
pH-treated s-gB, but acid treatment appeared to have less
effect on this epitope in gB730. As a control, SS10, directed to
domain IV and gB-specific polyclonal Ab R69, bound well to
both low-pH-treated forms of gB (Fig. 4A). This also confirms
that the structure of gB is not globally misfolded and that the
detected changes in reactivity are specific. Together, current
and previous results suggest that the antigenic and oligomeric
structure of purified recombinant s-gB is altered by low pH in
a manner similar to prefusion gB found in virions. In contrast,

FIG. 3. Effect of low-pH pretreatment of gD on binding to HSV
entry receptors HVEM or nectin-1. gD (�290-299t) was treated at pH
4.7, heated to 80°C, or left untreated. Increasing concentrations of gD
were added to microtiter plates coated with HVEMt (A) or nectin-1t
(B). Bound gD was detected with MAb DL6 followed by peroxidase-
conjugated protein A and substrate. Absorbance was read at 410 nm.
Each value represents the average of results for duplicate wells.

FIG. 4. Effect of low pH on antigenic reactivity and hydrophobicity
of different forms of soluble gB. (A) s-gB or gB730 was treated for 10
min at 37°C with medium buffered to pHs ranging from 7.4 to 5.1 and
was blotted immediately to a nitrocellulose membrane. An equivalent
amount of R69-reactive gB (50 to 100 �g) was blotted in each case.
Blots were probed at neutral pH with gB-specific antibodies R69 (poly-
clonal) or H126, SS10, SS106, or DL16 (monoclonal), followed by
horseradish peroxidase-conjugated goat secondary antibody. The ex-
posures shown highlight the pH threshold of conformational change.
(B) Proteins were added to 2% Triton X-114 that had been adjusted
to the indicated pH. Samples were incubated for 10 min at 37°C and
were centrifuged at 300 � g for 3 min. The aqueous supernatant
phase or detergent phase was collected and diluted 20-fold in PBS.
Samples were subjected to immunoprecipitation (H1817 for gB,
DL6 for gD) followed by SDS-PAGE and immunoblotting (H1359
for gB, DL6 for gD).
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gB730 is less susceptible to pH, consistent with it resembling a
postfusion, terminally activated form of gB.

gB730 is hydrophobic at physiological and acidic pHs. Con-
formational changes associated with fusion are often accom-
panied by transient exposure of hydrophobic regions, namely,
fusion peptides or fusion loops. We used the nonionic deter-
gent Triton X-114 to assess the hydrophobicity of soluble
forms of HSV glycoproteins. Upon centrifugation at room
temperature, Triton X-114 can be separated into hydrophilic
(aqueous, top) and amphiphilic (detergent, bottom) phases
(11). Protein forms that are more hydrophobic associate with
hydrophobic Triton X-114 molecules and partition with the
amphiphilic phase. We used this approach previously to dem-
onstrate the effect of pH on the structure of s-gB (20).

Purified s-gB that was treated at pH 7.4 was mixed with
Triton X-114 at 30°C. The mixture was centrifuged, and gB was
recovered primarily from the aqueous phase (Fig. 4B) (20),
where hydrophilic proteins are expected to partition. At pH
7.4, gB730 was detected in the aqueous phase but also in the
detergent phase, suggesting that gB730 is already hydrophobic
at neutral pH. This is consistent with surface exposure of the
hydrophobic fusion loops in the structure of gB730 (33). In
contrast, little s-gB was detected in the detergent phase. Sim-
ilarly, the majority of s-gD and gD(�290-299t) partitioned with
the aqueous phase, suggesting limited hydrophobic character
of gD at physiological pH.

Of the glycoproteins tested, s-gB was the only one affected
by treatment with pH 5.1. A fraction of the total s-gB parti-
tioned with the detergent phase (Fig. 4B), suggesting that low
pH caused s-gB to become more hydrophobic. It is not clear
whether gB exists as a mixture of more than one conformation
at a given pH. This increase in hydrophobicity is consistent
with the notion that gB is a pH-activated fusion protein. By this
approach, low pH caused little detectable increase in the hy-
drophobic nature of the other glycoprotein constructs, gB730,
s-gD, and gD(�290-299t). The results from three independent
approaches (Fig. 1, Fig. 4A and B) suggest that s-gB is sensitive
to pH and gB730 is less so. The acid-induced increase in
hydrophobicity of s-gB correlates with changes in conforma-
tion measured by a battery of approaches, including fluores-
cence spectroscopy, changes in reactivity with antibodies to the
fusion domain, and changes in oligomeric structure (20, 53;
this work). The effects of pH on s-gB are similar to what is
expected of the prefusion form of gB that is found in the virion
as it functions during viral entry. We propose that mildly acidic
pH triggers exposure of hydrophobic, membrane-interacting
regions in gB.

Fusion-defective mutants of gB undergo conformational
changes. To probe the relationship between conformational
change and fusion, we determined the effect of pH on fusion
loop mutants of gB. Substituting polar residues for hydropho-
bic residues in either of the internal fusion loops diminishes
cell-cell fusion activity (32, 59) and fusion of newly formed
virions with the outer nuclear membrane during viral egress
(67). The bipartite hydrophobic loops of class III fusion pro-
teins are thought to insert into the host cell membrane during
the fusion process. We analyzed low-pH-induced changes in
the antigenic conformation of gB bearing fusion-defective mu-
tations, Y179K in fusion loop 1 or A261D in fusion loop 2.

Lysates of infected cells were examined because high titers

of these mutant viruses are difficult to obtain. Cell-expressed
gB is competent for fusion, as evidenced during cell-to-cell
spread, cell-cell fusion assays, and syncytium formation. Thus,
it reflects a prefusion conformation. Lysates of cells infected
with mutant viruses were exposed to pHs ranging from 7.4 to
5.1. Samples were immediately blotted to nitrocellulose mem-
branes, and antibody binding was assessed at pH 7.4. For these
experiments, the relatively large amount of cell lysate neces-
sary to detect gB often resulted in blots that were of lower
quality than those in analyses of purified virions or proteins.
Monoclonal antibodies H126 (Fig. 5A) and SS106 (Fig. 6A)
displayed diminished binding to Y179K and A61D lysates that
had been treated at lower pHs, whereas MAbs SS10 (Fig. 5A)
displayed unaltered binding. A similar pattern was observed
with lysates of cells infected with matched wild-type (w.t.gB/
gH�) or KOS viruses (Fig. 5A), suggesting that changes in
antigenic structure occur regardless of whether fusion loops
are active. Control lysates lacking gB (gBgalK/gH�) failed to
react with gB-specific antibody (Fig. 5A).

Two approaches were used to examine the effect of pH on
the oligomeric structure of the fusion loop mutants. First, the
trimer-specific MAb DL16 had diminished reactivity with gB
from lysates of cells infected with the Y179K or A261D viruses
(Fig. 5B). Second, we used an assay established in our labora-
tory that takes advantage of an experimentally useful charac-
teristic of HSV gB (20, 53). When gB is first exposed to low
pH, its oligomeric structure becomes susceptible to 1% SDS as
measured by the migration of oligomeric species on native
PAGE. Treatment of each of the infected cell lysates with pH
7.4 followed by 1% SDS yielded oligomeric forms of �181 kDa
(Fig. 5B). However, upon pretreatment with pH �6.3 or 6.0
followed by 1% SDS, the slowest-migrating species of mutant
gB seemed to disappear, leaving a stable oligomeric species of
higher mobility (Fig. 5B). This suggests that low pH alters the
oligomeric structure of gB containing mutations in its hydro-
phobic fusion loops, making it more sensitive to SDS. Mildly
acidic pH had a similar effect on gB oligomers from lysates of
cells infected with matched wild-type or KOS viruses (Fig. 5B).
The precise identity of the two major high-molecular-weight
species is of great interest. These species do not comigrate with
gC, gD, gH, or gL (20). They are clearly not monomeric gB,
but whether they represent dimers, trimers, or still higher-
order oligomers is not clear. Another possibility is that both
forms may be trimeric gB but have altered migration due to
differences in conformation. With decreasing pH, there was an
apparent decrease in detection of gB-reactive species by West-
ern blotting. One explanation is that monomers are detected
only weakly relative to oligomers under standard native PAGE
analysis (data not shown). Alternately, upon activation by pH,
gB may become part of a larger complex that does not enter
the native gel. Notably, the total amount of gB detected by
gB-specific polyclonal antibody via dot blot does not change
upon exposure to mildly acidic pH (20, 53). The two sets of
results (Fig. 5A and B) suggest that the oligomeric forms of
fusion-defective and wild-type gBs undergo similar changes
upon exposure to acidic pH.

Low-pH-triggered changes in the prefusion form of virion
gB have been detected and characterized (20, 53; Fig. 2).
Importantly, the current results indicate that cell-associated gB
present in infected cells is subject to similar pH-induced

VOL. 85, 2011 CONFORMATIONAL CHANGE IN PREFUSION gB 9969



changes in domains I and V and oligomeric state. The pH
threshold is also similar. Thus, gB from infected cells resem-
bles prefusion gB. Taken together, results here and elsewhere
are consistent with a model in which the fusion loop mutants of
gB fail to insert into the target membrane despite undergoing
structural changes similar to those of the wild type.

pH-induced changes in fusion loop mutants of gB are re-
versible. Low-pH-dependent conformational changes in class III
fusion proteins, including HSV gB, are reversible (20, 27, 68).
During viral assembly and egress, reversibility may allow fusion
glycoproteins to avoid nonproductive activation during transport
through the low-pH environment of the secretory pathway. To
test whether a defect in reversibility correlates with the dimin-
ished fusion function of the loop mutants, the reversal of confor-
mational changes in cell-associated gB and the mutants was an-
alyzed. Y179K- and A261D-infected cell lysates were treated at
pH 5.3 to trigger conformational change in gB, and were then
adjusted back to pH 7.4 prior to blotting to nitrocellulose. Reac-
tivity to MAbs H126 and SS106 was partially recovered relative to
samples that received pH 5.3 treatment only (Fig. 6A), suggesting
that pH-triggered alterations in the antigenic structure of the loop
mutants are reversible. MAb SS10 reacted similarly with lysates
that had been subjected to each of the different pH conditions
(Fig. 6A). To address the reversibility of changes in the oligomeric

state of the loop mutants, we tested the reversibility of DL16
reactivity. There was partial restoration of reactivity of the
oligomer-specific MAb DL16 with the fusion loop mutants (Fig.
6B), similar to what was observed with wild-type forms of gB (Fig.
6B). To extend these findings, Y179K and A261D lysates were
incubated at pH 5.3 and reneutralized to pH 7.4, and then 1%
SDS was added (Fig. 6B). High-molecular-weight, oligomeric
forms of gB were detected that were similar to those that had
been kept at pH 7.4. The results in Fig. 6 suggest that low-pH-
induced changes in the oligomeric structure of gB bearing muta-
tions in the hydrophobic fusion loops are reversible. Results from
this study and previous reports (20, 53) indicate that pH-triggered
changes in s-gB and wild-type gB from virions or infected cells are
reversible. Thus, pH-dependent changes in the antigenic and
oligomeric structures are similar for wild-type and fusion-defec-
tive mutant forms of gB. This suggests that pH-triggered changes
occur independently of fusion loop function.

DISCUSSION

The full complement of cellular factors necessary for herpes
simplex virus membrane fusion has remained elusive. In con-
trast, the viral proteins required for fusion and entry, gB, gD,
and gH-gL, have been known for some time and are well

FIG. 5. Effect of low pH on the antigenic and oligomeric conformation of mutant gBs that are defective for fusion. (A) The indicated infected
cell lysates were diluted in medium buffered to pHs ranging from 7.4 to 5.1. Samples were incubated at 37°C for 5 min and then blotted directly
to nitrocellulose. Amounts of cell-associated virus that reacted equally to MAbs prior to pH treatment were blotted. Membranes were blocked and
then incubated at neutral pH with anti-gB MAbs H126 (domain I) or SS10 (domain III) or (B, left panel) DL16 (trimer-specific). Similar results
were obtained in at least three independent experiments per antibody. (B, right panel) Assay for sensitivity of oligomeric gB to detergent. The
indicated infected cell lysates were treated with medium adjusted to pHs ranging from 7.4 to 5.0. Samples were adjusted to 1% SDS and were added
to PAGE sample buffer containing 0.2% SDS and no reducing agent (“native” conditions). Unheated samples were resolved by PAGE. After
transfer to nitrocellulose, membranes were blocked and incubated with gB-specific rabbit polyclonal antibody (R69). After incubation with
horseradish peroxidase-conjugated goat-anti-rabbit antibody, enhanced chemiluminescent substrate was added and membranes were exposed to
X-ray film. Molecular size markers in kilodaltons are indicated at the left. Positions of gB oligomer and monomer are indicated at the right. Each
exposure (A and B) highlights the pH threshold of conformational change.
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studied. An emerging theme in herpesviral entry is that cellular
endosomal pH is required, often in a cell-specific manner (23,
30, 40, 41, 46, 50, 63). gB conformation change is central to the
molecular understanding of why herpesviruses require low pH
to initiate infection. Conformational changes in gB likely pro-
vide the energy to drive the viral and host membranes together
during fusion. We propose that the combination of cell-in-
duced changes in gB structure and functional hydrophobic
fusion loops is needed for herpesviral fusion and entry. Dif-
ferent cellular triggers, namely, endosomal pH or a gB-binding
receptor (2), may be necessary for entry via pH-dependent or
pH-independent entry mechanisms, respectively.

Cellular factors and HSV entry. Initially, cell surface hepa-
ran sulfate proteoglycans serve as attachment sites for viral
envelope gB or gC (52). Then gD binds to a required cell
receptor, such as nectin-1, nectin-2, HVEM, or a modified
form of heparan sulfate (12, 35, 55). Upon interaction with
HVEM, gD undergoes a pH-independent conformational
change, which is thought to initiate fusion (37). Low pH has no
effect on HSV binding to cell surface HVEM or nectin-1 (un-
published data). HSV utilizes cellular endocytosis machinery
to enter epithelial tissues, the major target of infection in vivo
(40, 41). Nectin-1 or 	V
3 integrin may mediate endocytic
internalization of HSV into some cell types but not others (29,
39, 43, 57). Host cell kinases, such as phosphatidylinositol
3-kinase, facilitate endocytic trafficking of HSV (43, 61).

Low endosomal pH is required for penetration following
endocytosis in several cell types, and triggers conformational

change in gB (20, 41). Cellular receptors for gB include
PILRalpha (51) and nonmuscle myosin IIA (1). The molecular
ramifications of gB-receptor interactions are not known. Nec-
tin-2 or PILRalpha can direct HSV to a pH-independent entry
pathway (2, 18). Following fusion, which requires gB, gD, and
gH-gL, the host 26S proteasome facilitates incoming capsid
transport, which may be regulated by capsid-associated tegu-
ment ICP0 (17, 19). The capsid utilizes microtubules and as-
sociated motor proteins for targeting to the nucleus, which
involves tegument UL36 protein (6, 16, 38, 54).

Soluble forms of gB respond differently to low pH. Using
three independent approaches, mildly acidic pH triggered con-
formational changes in s-gB that appeared to be greater than
those in gB730. As measured by tryptophan fluorescence spec-
troscopy (Fig. 1) and antigenic analysis (Fig. 4A), the confor-
mation of s-gB was altered by pH, but gB730 was only mar-
ginally affected. Upon activation, fusion glycoproteins become
hydrophobic. Notably, low pH caused s-gB to become hydro-
phobic, whereas gB730 was already hydrophobic at neutral pH.
The hydrophobicity of gB730 was not increased by low pH
(Fig. 4B). These results provide insight into the functional
relevance of using gB730 to measure the extent of conforma-
tional change in gB and the mechanism of fusion activation.
The differences between s-gB and gB730 are not likely ex-
plained by type-specific effects. Prefusion gB from both HSV-1
and HSV-2 strains undergo acid-induced alterations (20, 53).

While this paper was in preparation, it was reported that low
pH caused small changes in the structure of gB730, including
alteration of fusion loop 2 (56). From this analysis, the authors
propose that gB does not undergo the large-scale conforma-
tional changes expected of a viral fusion protein and that low
pH is not a trigger of fusion. However, gB730 is not an ideal
form of gB on which to base conclusions about the extent of
conformational change or the activation of gB’s fusion func-
tion. Results presented here and elsewhere indicate that gB730
has characteristics of postfusion gB that has already been ac-
tivated. The hydrophobic nature of gB730 (Fig. 4B) and its
ability to bind to lipid membranes at neutral pH (31) further
suggest that it does not reflect a functional prefusion state.

By definition, gB that is present in the virion envelope is the
prefusion form. The quaternary structure and domains I and V
of prefusion gB are specifically altered following exposure to
low pH (20). s-gB resembles prefusion gB in these regards
(Fig. 4A). gD or gH-gL in the virion or the gB transmembrane
and tail regions may be required to capture gB in its truest
prefusion form. However, our data with s-gB suggest that gB
sequences alone may result in a conformation that resembles
prefusion gB. The specific contribution of the cytoplasmic tail
to gB conformation change is under investigation.

Given the multiple cellular and viral cues for herpesviral
fusion, low pH is likely required but not sufficient to induce the
full range of gB conformational changes that occur during
HSV endocytosis. Thus, the low-pH-treated form of s-gB may
represent an intermediate conformation distinct from the post-
fusion form of gB represented by gB730. This would explain
why the prefusion epitopes on gB that are diminished upon
low-pH treatment are intact in gB730. A highly fusogenic form
of gB is antigenically altered in domain I and in the trimer-
specific DL16 epitope (49, 53). Since similar alterations are
detected in acid-treated wild-type gB, changes in these anti-

FIG. 6. Reversibility of conformational changes in fusion loop mu-
tants of gB. (A) The indicated infected cell lysates were treated with
medium buffered to pH 7.4 or 5.3. For the indicated samples, the pH
of 5.3 was neutralized to 7.4 for 10 min at 37°C and then the sample
was blotted immediately to nitrocellulose. Membranes were probed at
neutral pH with MAbs H126, SS10, SS106, or (B, left panel) DL16
followed by horseradish peroxidase-conjugated secondary antibody.
Similar results were obtained in at least three independent experi-
ments per antibody. (B, right panel) Cell-associated gB preparations
were treated with the indicated pH conditions, treated with 1% SDS,
and then analyzed by PAGE and immunoblotting with gB-specific
polyclonal antibody R69. Images show gB of �181 kDa. Exposures
shown highlight the reversibility of conformational change.
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genic sites correlate with fusion activity. The current work puts
fusion loop activity in context with conformational change.

Cellular activation of gB versus activation by a virion com-
ponent. How the fusogenic potential of gB is triggered is an
open question. The idea that a cellular factor, namely, endo-
somal pH, induces structural change in gB has mounting ex-
perimental support. Current models of fusion based on bimo-
lecular complementation assays invoke lateral interactions
among gD, gB, and gH-gL prior to fusion (3–5, 28). It has been
proposed that a gH-gB interaction activates gB for fusion (14).
While gH clearly plays a critical, yet-to-be defined functional
role in assisting gB in the execution of fusion, there is currently
no direct evidence that HSV gH binds to gB or that gH induces
a change in gB. In contrast, acid pH directly affects gB (20, 53,
56; this report). Interestingly, human cytomegalovirus gB can
be coimmunoprecipitated with gH (62). Data indicating that
the structure or function of gB is directly altered or activated
by a viral component are not currently available. We posit that
cellular endosomal pH triggers a direct change in gB that
allows the fusion loops to make initial contact with the outer
leaflet of the target membrane, which is a critical destabilizing
step in the fusion reaction. During fusion, there may be a
large-scale rearrangement of folded domains such as that pro-
posed for the class III fusion protein VSV G (48). In addition
to low pH, the full range of conformation change in gB during
entry into epithelial cells may require gD and gH-gL and ad-
ditional cellular factors, including a gD receptor. In the case of
the gB fusion loop mutants, wild-type-like conformational
changes may occur but productive interaction with the host
membrane does not, derailing the fusion reaction.
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