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The crystal structure of herpes simplex virus (HSV) gB identifies it as a class III fusion protein, and comparison with other such
proteins suggests this is the postfusion rather than prefusion conformation, although this is not proven. Other class III proteins
undergo a pH-dependent switch between pre- and postfusion conformations, and a low pH requirement for HSV entry into
some cell types suggests that this may also be true for gB. Both gB and gH undergo structural changes at low pH, but there is de-
bate about the extent and significance of the changes in gB, possibly due to the use of different soluble forms of the protein and
different assays for antigenic changes. In this study, a complementary approach was taken, examining the conformations of full-
length intracellular gB by quantitative confocal microscopy with a panel of 26 antibodies. Three conformations were distin-
guished, and low pH was found to be a major influence. Comparison with previous studies indicates that the intracellular con-
formation in low-pH environments may be the same as that of the soluble form known as s-gB at low pH. Interestingly, the
antibodies whose binding was most affected by low pH both have neutralizing activity and consequently must block either the
function of a neutral pH conformation or its switch from an inactive form to an activated form. If one of the intracellular confor-
mations is the fusion-active form, another factor required for fusion is presumably absent from wherever that conformation is
present in infected cells so that inappropriate fusion is avoided.

Entry of herpes simplex virus (HSV) into cells may occur by
fusion with the plasma membrane or by endocytosis and fu-

sion with an endosomal membrane, depending on the cell type
(29, 50, 55–57, 76). The process involves interactions between
various virus glycoproteins, interactions between these glycopro-
teins and cell receptors, and, in some cases at least, the effects of
low pH on one or more glycoproteins. Following attachment to
the cell surface via binding to heparan sulfate proteoglycans (72),
entry of virions is initiated by binding of gD to one of several
coreceptors (12, 16, 28, 43, 51, 70, 72), which triggers a conforma-
tional change in gD (22, 44). There are two schools of thought
about what happens next, one being that gD, after receptor bind-
ing, is able to bind to a preexisting complex of gB and gH/gL (6, 7)
and the other being that gD, after receptor binding, is able to
trigger the binding of gB to gH/gL (5). There is agreement that the
gB-gH/gL interaction is required for fusion, but the molecular
details of the interaction and the reason for its requirement are not
yet known.

Prior to the availability of three-dimensional (3D) structures
for gB and gH/gL, each had been proposed to be the protein with
fusogenic activity, with evidence of various kinds coming from
studies of the homologs from several herpesviruses in addition to
HSV (20, 21, 23, 24, 30, 31, 40, 45, 46, 48, 59, 74). gB became
favored as the fusion protein when three-dimensional structures
were determined. The ectodomain of HSV-1 gB (36) has a re-
markable similarity to the postfusion structure of the G fusion
protein of vesicular stomatitis virus (VSV), a rhabdovirus (66),
and gB and G were defined together as class III fusion proteins.
Although not yet universally accepted, support for the idea that
the gB structure represents a postfusion form was provided by the
subsequent determination of a prefusion structure for the VSV G
protein, in which the domain organization is very different (68).
Furthermore, when a structure for Epstein-Barr virus (EBV) gB
was determined and was found to be similar to that for HSV-1 gB,

a hypothetical prefusion structure was modeled on that of VSV G
(9). Two somewhat hydrophobic regions in HSV-1 gB that were
hypothesized to be analogous to the fusion loop of class II fusion
proteins (1) were shown to insert into membranes and therefore
may be essential for the function of gB as a fusion protein (33, 34).
In contrast, the HSV-2 gH/gL structure is different from that of
any known fusion protein, and binding of gH/gL to gB was there-
fore proposed to be a positive regulator of the fusion activity of the
latter, although whether binding is maintained throughout the
fusion process or is transient is unknown (15). Similar conclu-
sions were drawn from the structure of EBV gH/gL (47), but anal-
ysis of the pseudorabies virus gH structure identified a “flap” near
the C terminus of the ectodomain that, if it were to move, would
expose a hydrophobic patch (conserved in HSV-2 and EBV gH)
that was postulated to interact with and destabilize the viral mem-
brane (8).

Based on results determined with other class III fusion pro-
teins (the VSV and rabies virus G proteins and the gp64 pro-
tein of the Autographa californica multiple nucleopolyhedrovirus
[AcMNPV] baculovirus), it seems likely that a characteristic of
class III proteins is that the prefusion-to-postfusion conforma-
tional change is reversible (26, 38, 66–68, 78). This is in contrast to
the conformational changes of class I and II fusion proteins (such
as influenza hemagglutinin [HA] and the E protein of flaviviruses,
respectively), which are generally irreversible (39, 71, 77). The
conformational changes in the rabies virus, VSV, and AcMNPV
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fusion proteins are all pH dependent (26, 67, 78), and studies of
the rabies virus protein with monoclonal antibodies (MAbs) iden-
tified both conformations on virions in a pH-dependent equilib-
rium, together with an intermediate conformation that is anti-
genically indistinguishable from the prefusion conformation but
more hydrophobic (25, 27). The pre- and postfusion forms were
also found on the surface of infected cells, but only the postfusion
form was found in intracellular locations, suggesting that the pro-
tein initially folds in its postfusion conformation, is transported
intracellularly in that form to avoid premature activity, and then
refolds into the prefusion conformation when it reaches the
plasma membrane (26).

For HSV, exposure of virions to low pH after endocytosis is
required for infection of some but not all cell types, as mentioned
above. In addition, there was an intriguing observation that infec-
tivity is dependent on exposure to low pH in the cells in which
virions are produced (35). Whether only one or more than one
glycoprotein must respond to low pH is currently the subject of
debate, but there is certainly evidence that the conformation of gB
is altered by pH in a reversible manner. According to one series of
studies, the oligomeric structures of gB in virions and in lysates of
infected cells, and of a soluble form of gB lacking the transmem-
brane anchor (s-gB), are reversibly altered by pH; some epitopes
are lost in a partially reversible fashion at low pH, and at least one
epitope is lost during entry of virus into cells by endocytosis (17,
18). Their observations led those authors to propose that low pH
is an important factor in the activation of gB for fusion with en-
dosomal membranes during virus entry (17). However, in a series
of studies of gB730, the soluble form of gB used for crystallization,
which lacks the cytoplasmic tail in addition to the transmembrane
anchor, and in studies of gB in virions, a second group identified
only minor conformational changes as a result of exposure to low
pH (11, 73). The possibility was left open that, under some cir-
cumstances, full-length gB may undergo a more dramatic pH-
triggered conformational change, since the crystal structure of the
truncated protein indicates that it is in the same (possibly postfu-
sion) conformation over a range of pH values from 5.5 to 8.5 and
thus may be locked in this conformation (73). This suggestion is
supported by the subsequent finding that gB730 does not undergo
the pH-mediated changes in antigenicity or tryptophan fluores-
cence spectrum that are seen with s-gB (18). If low pH can indeed
trigger an activating conformational change in gB, several possi-
bilities can be envisaged for how inappropriate membrane fusion
might be avoided during transport of the protein in infected cells.
One possibility is that the conformational change from a prefu-
sion to a fusion-active form (i.e., in an intermediate form between
the pre- and postfusion forms) is somehow prevented in low-pH
environments in infected cells, possibly by interaction of gB with
other viral proteins. Alternatively, intracellular transport of gB
may exclusively involve the postfusion conformation, as proposed
for the rabies virus G protein. A third possibility is that the prefu-
sion form exists in neutral pH compartments whereas an activated
form exists in acidic organelles and that intracellular membrane
fusion is avoided by the absence from these organelles of another
required factor.

Thus, the purpose of this study was to examine conformations
of intracellular gB under conditions where the full-length protein
is present and is not subjected to potential influence by other viral
proteins or by steps such as extraction and purification. This ap-
proach is complementary to those used by others and is aided by

the large number of MAbs available for gB. Conformations of gB
in transfected HEp-2 cells were first probed using confocal mi-
croscopy and a combination of a polyclonal antibody (PAb) and a
panel of MAbs. The scans were made under conditions that al-
lowed quantitative determinations of colocalization coefficients
for pairs of antibodies, and the results strongly support the idea of
existence of at least two conformations for intracellular gB. Simul-
taneous labeling with three MAbs then provided evidence for a
third conformation. Identification of low-pH structures by the use
of LysoTrackerRed (LtrRed) in combination with gB antibodies
showed that pH is a major factor influencing the conformation of
gB within transfected cells and that the intracellular conformation
produced at low pH is likely the same as that produced by expo-
sure of virion gB and the s-gB form of soluble gB to low pH (17).
Finally, examination of gB in infected cells with a subset of the
panel of MAbs produced similar results, namely, an effect of low
pH and the presence of three antigenically distinct conformations.

MATERIALS AND METHODS
Cells, plasmids, and anti-gB antibodies. HEp-2 cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). Plasmid pMM245, which expresses HSV-2 gB, was
described previously (52). R90, a rabbit PAb made against purified native
HSV-2 gB, and MAbs DL16, A22, C226, SS10, SS55, SS56, SS63, SS67,
SS68, SS69, and SS144 were provided by Gary Cohen and Roselyn Eisen-
berg. The SS series was produced by immunizing mice with a mixture of
native and reduced gB purified from HSV-1- and HSV-2-infected cells,
whereas DL16 was produced from a mouse immunized with extracts of
infected cells (10). No information is available on the production of A22
and C226. MAb II-125 was provided by Patricia Spear and was produced
by immunization with UV-inactivated HSV-1 (60). MAbs H126, H146,
H189, H233, H309, H352, H420, H1373, H1375, H1435, H1695, and
H1819 (54) were purchased from the Rumbaugh-Goodwin Institute for
Cancer Research. Various immunization procedures were used to pro-
duce them, but there is no information on which procedure was used for
any given MAb (13, 42, 63, 65). MAbs SB1 and SB3 were produced in my
laboratory, from mice immunized with UV-inactivated HSV-2 (58).

Transfections. Cells were grown in Lab-Tek II 2-well coverglass
chambers (Nunc), the bottom surface of which is a no. 1.5 coverglass that
has the optimal thickness for z-axis resolution during confocal micros-
copy. They were transfected for 3 h with plasmid pMM245, which ex-
presses HSV-2 gB, by the use of SuperFect (Qiagen), and the staining
procedure was begun 18 h later.

Infections. Cells were grown in Lab-Tek II coverglass chambers as
described above and infected with HSV-2 strain 333 at a low multiplicity
of infection (MOI) for 12 h to maximize the number of cells that had not
yet rounded up or progressed to plaque formation.

Labeling of cells for confocal microscopy. In experiments where the
cell surface was biotinylated, this step was carried out before fixation and
incubation with antibodies. Cells were washed sequentially with cold
phosphate-buffered saline (PBS) and C-PBS (PBS supplemented with 1
mM MgCl2 and 0.1 mM CaCl2) and then incubated for 15 min at 4°C with
sulfo-NHS-SS-biotin (0.1 mg/ml in cold C-PBS; Pierce). They were then
washed with cold C-PBS, and excess biotin was quenched with C-PBS
supplemented with 10 mM glycine. Following washes with cold C-PBS
and PBS, the cells were fixed with 3% paraformaldehyde–PBS, washed
with DMEM–5% FBS, and incubated with a fluorescent streptavidin Al-
exa Fluor 647 conjugate in DMEM–5% FBS for 30 min at room temper-
ature (RT). They were then washed with DMEM–5% FBS and then with
PBS prior to incubation for 1 h at RT with primary anti-gB antibodies
diluted in PBS supplemented with 0.25% bovine serum albumin and 0.1%
saponin detergent for permeabilization (PBS/BSA/SAP). Following
washes with PBS/BSA/SAP, the cells were incubated for 30 min at RT with
combinations of secondary antibodies (goat anti-rabbit IgG and goat anti-

HSV-2 Glycoprotein B Conformations

June 2012 Volume 86 Number 12 jvi.asm.org 6445

http://jvi.asm.org


mouse IgG1, IgG2a, or IgG2b, as appropriate) conjugated to Alexa Fluor
488, 555, 594, or 633, after which they were again washed with PBS/BSA/
SAP and finally with PBS. They were then mounted in SlowFade Gold-
DAPI (Invitrogen) and stored in the dark at 4°C until they were scanned.
All fluorescent conjugates were obtained from Molecular Probes.

In those cases where LtrRed was used to label low-pH structures, this
step was done before biotinylation and fixation. The incubation time and
concentration of LtrRed used were the minimum compatible with subse-
quent detection, in order to minimize the possibility of it acting as a weak
base and raising the pH in acidic organelles. Cells were washed with
DMEM–5% FBS at 37°C, incubated with LtrRed at 2 �m in DMEM–5%
FBS for 10 min at 37°C, and washed once with DMEM–5% FBS for 3 min
at 37°C, once with PBS at RT, and once with either C-PBS at 4°C (if the
next step was biotinylation) or PBS at 4°C (if the next step was fixation).
LtrRed diffuses freely into organelles but becomes trapped when proto-
nated in an acidic environment. Consequently, it remains in place during
subsequent washing steps whereas LtrRed elsewhere in the cell is removed;
furthermore, it is fixed by paraformaldehyde and therefore is not removed
even when the cells are permeabilized with detergent.

Confocal microscopy. Multicolor sequential scanning (for DAPI and
either three Alexa Fluor dyes or two Alexa Fluor dyes and LtrRed) was
performed with a Leica TCS SP5 AOBS system using a 100� oil-immer-
sion Plan Apo objective with a numerical aperture of 1.46, and z-stacks
with voxel dimensions of 61 by 61 by 400 nm (corresponding to axes x, y,
and z) were obtained. Scans for Alexa Fluors 488, 555, 594, and 633 (i.e.,
for detection of gB) and for LtrRed were performed six times per optical
slice and averaged to maximize the signal-to-noise ratio. Scans for DAPI
(nucleus) and for Alexa Fluor 647 (cell surface) were performed only once
per slice, as a maximal signal-to-noise ratio was not required. The laser
power and the sensitivity of the photomultiplier tube (PMT) detectors
were set at levels that maximized the dynamic range of signals obtained
without causing saturation. Furthermore, the labeling and scanning con-
ditions were optimized for avoidance of bleedthrough between channels.

Quantitation of colocalization for two anti-gB antibodies. Scans of
cells labeled with the rabbit PAb R90 and a MAb were exported to Auto-
Quant software version X2.1.3 (Media Cybernetics) for 3D blind iterative
deconvolution. Quantitative colocalization of the deconvolved Alexa
Fluor 488 and Alexa Fluor 594 images (both identifying gB) was then
performed with Zeiss LSM 510 software version 4.2 SP1, and weighted
colocalization coefficients for each color were determined for the central
slice in each z-stack. The colocalization coefficient for color 1 (M1) has a
numerator of the summed intensities of pixels containing color 1 and at
least some intensity of color 2 and a denominator of the summed inten-
sities of all pixels containing color 1 (37), i.e., the fraction of the total
signal for color 1 that is colocalized with any amount of color 2 above
background. The coefficient for color 2 (M2) is calculated in a similar
manner, and the range for each coefficient is from 0 to 1, such that a value
of 1 for both M1 and M2 indicates complete colocalization. This was done
for each of 26 MAbs together with R90, and z-stacks of at least six cells
were analyzed for each MAb. For display purposes, the deconvolved im-
ages were reassembled with nondeconvolved images of DAPI and Alexa
Fluor 647 (identifying the cell surface) using the Zeiss software. In addi-
tion, the images were brightened for display purposes (but not for quan-
titation) using the Zeiss software, as nonsaturated images are not bright
enough to be seen clearly except in a darkened room. Panels of images
were assembled with Photoshop.

Quantitation of gB staining in acidic structures. The method used
for quantitation of dual antibody binding could not be used for quanti-
tating the labeling of gB in acidic structures. First, LtrRed is found in the
lumen of organelles, whereas gB is found in the membrane; consequently,
with an organelle larger than the limit of resolution (approximately 150
nm in this case), much of the gB staining would be in a concentric ring
around the LtrRed. Second, the dynamic range of the PMT detectors is not
sufficient to capture the range of signal intensities of LtrRed, with the
intensity being determined by the LtrRed concentration, which in turn is

dependent on the pH of the organelle. Therefore, scanning parameters
that visualize mildly acidic organelles result in nonquantitative saturation
of those which are more acidic. The method used was therefore to produce
three-dimensional projections from z-stacks and determine the percent-
age of LtrRed-positive organelles that were also stained with a gB anti-
body. This was done with 6 cells per antibody. As in the case of the images
visualized with pairs of antibodies, the images for display purposes, but
not the images used for quantitation, have been brightened using Zeiss
LSM 510 software so as to be clearly visible.

RESULTS
Quantitative colocalization of anti-gB MAbs with PAb R90. To
determine if gB has more than one conformation in transfected
cells, a dual-labeling procedure was used such that HEp-2 cells
transiently expressing gB were incubated simultaneously with
pairs of antibodies and examined by quantitative confocal micros-
copy (as described in Materials and Methods). If there were only
one conformation, then simultaneous incubation with any pair of
antibodies should produce complete colocalization such that the
weighted colocalization coefficients (M1 and M2) for both anti-
bodies would have a value of 1. The only exception would be if two
antibodies showed competitive binding and one were used in
great excess over the other; this was avoided by titrating them
individually such that they gave similar intensities of staining (not
shown). Conversely, if there were two or more conformations, a
variety of coefficients would be expected, depending on how par-
ticular antibodies were affected by the conformational change. A
panel of 26 anti-gB MAbs was used, with each one being tested for
colocalization with the rabbit PAb R90. A summary of the prop-
erties of the MAbs is given in Table 1. They were produced in
several laboratories and represent a cross-section of those avail-
able, recognizing most of the gB domains identified by use of
mutated proteins (10, 53, 54). Furthermore, about half of the se-
lected MAbs have complement-independent neutralizing activity.
gB at the cell surface was not examined in these experiments, as it
requires higher concentrations of antibodies for detection (due to
the relatively low levels) and may also be affected by the cell sur-
face biotinylation used to identify the periphery of each cell.

Examples of the results, selected to illustrate their diversity, are
shown in Fig. 1. The weighted colocalization coefficients (M1 for
the MAb and M2 for the R90 PAb) are shown in Table 2 and
graphed for easier comparison in Fig. 2. MAbs H146, SS63, and
SB1 all showed nearly complete colocalization with R90 (i.e., M1
and M2 were both close to 1.0) and therefore recognized all con-
formations that R90 recognizes and vice versa. Sixteen additional
MAbs are within the upper right quadrant (M1 and M2 both
above 0.5), indicating that more than half the gB that they recog-
nized was also recognized by R90 and vice versa. However, seven
MAbs were outliers. H189 and SS144 recognized more than half of
the gB seen by R90, but R90 recognized less than half of the gB seen
by each MAb. Four MAbs (H1373, H1695, H1819, and II-125)
recognized less than half of the gB seen by R90, but R90 recognized
more than half of the gB seen by each MAb. Finally, MAb C226
recognized less than half of the gB seen by R90, and R90 recog-
nized less than half of the gB seen by C226. These results are in-
compatible with the existence of only one conformation of gB in
cells and cannot be explained by competition between antibodies
(see Discussion). Furthermore, they indicate that the PAb did not
recognize all of the gB present in the cell. For the most part, MAbs
previously identified as binding to the same gB domain, for exam-
ple, SS10, SS67, SS68, and SS69 (domain IV-III; see reference 10)
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and H126, H1375, and H1435 (domain D2a; see references 41 and
54, had similar M1 and M2 values.

There were obvious differences in the abilities of the MAbs to
stain perinuclear gB (i.e., within the inner and/or outer nuclear
membranes), although this was not quantitated. Of the 26 MAbs,
23 produced perinuclear staining that was either continuous or
nearly so. However, the perinuclear staining obtained with DL16
was punctate and not close to continuous, and C226 and II-125
produced no perinuclear staining at all.

Colocalization of combinations of two anti-gB MAbs. Exper-
iments involving pairs of MAbs (of different isotypes) for dual-
labeling and confocal microscopy qualitatively confirmed the ex-
istence of at least two conformations of gB in cells. For example,
combining MAbs H1819 (IgG2a) and H420 (IgG1) (left set of
images in Fig. 3) produced some structures labeled only with the
former (green), some only with the latter (magenta), and some
with both (white areas in the merged image). This can also be
demonstrated by selecting regions of interest (ROIs), as seen in the
enlargement, and plotting the corresponding pixel intensities in a
fluorogram. ROI 1 contains gB in a conformation that is recog-
nized by H420 but not by H1819 (H1819�/H420�, referred to
here as conformation A), whereas ROI 2 contains gB in a confor-
mation that is recognized by H1819 but not by H420 (H1819�/
H420�, referred to here as conformation B). Structures labeled
with both MAbs might contain a third conformation or a mixture
of conformations A and B. To investigate the possible existence of
three conformations, an IgG2b MAb was needed for triple-label-

ing experiments, and H1819 was therefore tested in combination
with the four that were available. SB1 was found to be the best
candidate, based on the results shown in the right set of images in
Fig. 3. ROI 1, as shown in the enlargement from this set of images,
contains gB in a conformation that is recognized by SB1 but not by
H1819 (H1819�/SB1�), whereas ROI 2 either contains gB in a
conformation that is well recognized by H1819 but only very
weakly by SB1 (H1819�/SB1low) or alternatively contains an
H1819�/SB1� conformation together with a much smaller
amount of the H1819�/SB1� conformation (the low values for
red pixel intensity are consistent with both possibilities). These
results themselves did not identify a third conformation, as the
data are also consistent with the H1819�/SB1� form being iden-
tical to conformation A and the H1819�/SB1� or H1819�/SB1low

form being identical to conformation B.
Colocalization of combinations of three anti-gB MAbs. To

investigate the hypothesis that three conformations of intracellu-
lar gB exist, transfected HEp-2 cells expressing gB were triple-
labeled with MAbs H1819 (green), SB1 (red), and H420 (ma-
genta), and a representative example is shown in Fig. 4 (large
panel). Each boxed area in the large panel is also shown as two
enlargements, with one color channel omitted from each enlarge-
ment, such that panel A1, for example, shows the green and red
channels for box A whereas A2 shows the red and magenta chan-
nels. This allows pixel intensities of the ROIs within the enlarged
areas to be represented on two-dimensional fluorograms, and the
fluorograms show that the ROI in panels A1 and A2 contains gB

TABLE 1 Properties of anti-gB MAbs

Antibody Isotypea Epitope
Minimal sequence
recognized (residues)b Domain Neutralization Reference

SB1 2b Discontinuous NDc ND � 58
SB3 2b Discontinuous ND ND � 58
II-125 2a Discontinuous ND ND � 60
H126 2b Discontinuous 1–462 D2a � 54
H146 2a Discontinuous 1–605 Dd6 � 54
H189 2a Oligomer dependent 1–695 Dd5b � 54
H233 2a Discontinuous 1–462 D2b � 54
H309 2b Discontinuous 1–605 Dd6 � 54
H352 2a Discontinuous 1–480 D3a � 54
H420 1 Oligomer dependent 1–695 Dd5a � 54
H1373 2a Oligomer dependent 1–695 Dd5a � 54
H1375 1 Discontinuous 1–462 D2a � 54
H1435 1 Discontinuous 1–462 D2a � 54
H1695 2a Oligomer dependent 1–695 Dd5a � 54
H1819 2a Discontinuous 1–462 D2b � 54
DL16 2a Oligomer dependent 1–700 ND � 10
SS10 1 Pseudocontinuous 615–645 IV-III � 10
SS55 1 Discontinuous 71–445 I � 10
SS56 1 Discontinuous ND I � 10
SS63 1 Continuous 672–700 V � 10
SS67 1 Pseudocontinuous 615–645 IV-III � 10
SS68 1 Pseudocontinuous ND IV-III � 10
SS69 1 Pseudocontinuous ND IV-III � 10
SS144 1 Pseudocontinuous 672–700 V � 10
A22 2a Pseudocontinuous 446–615 III-IV � 10
C226 1 Pseudocontinuous 207–445 II � 10
a If not determined in the referenced publication, isotype was determined by exclusive reaction with one of three isotype-specific secondary antibodies.
b The numbers have been converted from those mapped in HSV-1 gB to the corresponding regions in HSV-2 gB, which has an additional eight residues split between three sites. In
addition, the signal sequence, which differs in length between HSV-1 gB and HSV-2 gB, has been omitted from the numbers.
c ND, not determined.
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that is H1819�/SB1�/H420�. This is different from the properties
of conformations A and B and cannot be explained by a combina-
tion of the two; therefore, it identifies a third form of the protein,
which is referred to here as conformation C. Some other permu-
tations were also seen, two of which are shown because they are
informative about conformations A and B. The ROI in panels B1
and B2 is H1819�/SB1�/H420�, for which the most likely expla-
nation (as discussed later) is that conformation A (H1819�/
H420�) is also SB1�. The ROI in panels C1 and C2 is H1819�/
SB1�/H420� and therefore must contain either a new
conformation or some combination of A, B, and C. The latter
explanation is the more likely, and the results also suggest that
conformation B is H1819�/SB1low/H420�, as discussed later.
Quantitation of the relative amounts of these conformations is not

possible, as the ratio of pixel intensity to the number of gB mole-
cules capable of binding a given MAb is different for each MAb.

Effect of low pH on gB conformation in transfected cells. Per-
haps the most obvious factor that might influence the conforma-
tion of intracellular gB is pH, which is known to affect the confor-
mation of soluble truncated gB and of virion gB (11, 17, 18, 73)
and is required for virus entry into some cell types (56). To inves-
tigate this possibility, acidic intracellular organelles were identi-
fied by incubating live cells at 37°C with LtrRed fluorescent dye
prior to labeling with anti-gB MAbs. Each MAb was tested indi-
vidually for its ability to label gB in acidic structures in transfected
cells; note that the MAbs themselves were not exposed to low pH,
as labeling was done at neutral pH after fixing the cells with para-
formaldehyde. Examples to indicate the diversity of results are
shown in Fig. 5.

Because colocalization of MAb and LtrRed staining could not
be quantitated by the method used in the dual-antibody experi-
ments (see Materials and Methods), an alternative method was
used. Three-dimensional projections were made from z-stacks,
and the percentage of LtrRed-positive structures that stained with
each MAb was determined. The results are shown in Table 2 and in
graphed form in Fig. 6. If gB conformation was not changed by
exposure to low pH, then all 26 MAbs should have behaved sim-

TABLE 2 Colocalization of anti-gB MAbs with PAb R90 and with
LtrRed

Antibody

Colocalization coefficient
(� SD)

% LtrRed colocalization
(� SD)M1a M2b

SB1 0.93 � 0.02 0.78 � 0.06 58.3 � 10.0
SB3 0.90 � 0.06 0.69 � 0.16 67.3 � 11.0
II-125 0.60 � 0.21 0.15 � 0.08 70.6 � 4.9
H126 0.62 � 0.10 0.75 � 0.07 15.5 � 3.8
H146 0.85 � 0.08 0.84 � 0.05 70.1 � 4.5
H189 0.38 � 0.10 0.61 � 0.12 22.7 � 4.7
H233 0.64 � 0.19 0.78 � 0.08 58.5 � 10.0
H309 0.89 � 0.08 0.58 � 0.15 68.4 � 4.9
H352 0.54 � 0.11 0.51 � 0.16 28.2 � 5.5
H420 0.71 � 0.17 0.53 � 0.15 64.6 � 8.0
H1373 0.57 � 0.20 0.41 � 0.09 71.5 � 8.6
H1375 0.52 � 0.13 0.64 � 0.15 78.2 � 6.5
H1435 0.63 � 0.10 0.67 � 0.15 59.5 � 16.1
H1695 0.61 � 0.15 0.48 � 0.07 77.9 � 4.7
H1819 0.52 � 0.19 0.34 � 0.21 14.3 � 7.6
DL16 0.64 � 0.09 0.57 � 0.13 40.6 � 11.9
SS10 0.66 � 0.18 0.65 � 0.11 80.9 � 7.4
SS55 0.51 � 0.16 0.67 � 0.14 47.0 � 11.5
SS56 0.81 � 0.11 0.72 � 0.13 61.0 � 8.4
SS63 0.88 � 0.06 0.83 � 0.05 57.6 � 7.8
SS67 0.74 � 0.09 0.57 � 0.14 60.3 � 6.8
SS68 0.80 � 0.08 0.58 � 0.08 66.2 � 6.4
SS69 0.81 � 0.08 0.58 � 0.08 64.2 � 10.8
SS144 0.46 � 0.09 0.83 � 0.08 49.5 � 7.8
A22 0.89 � 0.05 0.58 � 0.11 55.3 � 7.4
C226 0.44 � 0.17 0.19 � 0.08 54.9 � 6.9
a M1 has a numerator of the summed intensities of pixels containing color 1 (MAb)
and at least some intensity of color 2 (PAb) and a denominator of the summed
intensities of all pixels containing color 1.
b M2 has a numerator of the summed intensities of pixels containing color 2 and at least
some intensity of color 1 and a denominator of the summed intensities of all pixels
containing color 2.

FIG 1 Confocal slices of gB-expressing cells labeled simultaneously with an
anti-gB MAb (SB1, H189, or II-125 plus Alexa Fluor 488; green) and an anti-gB
PAb (R90 plus Alexa Fluor 594; red). Colocalization in the merged images is
indicated by white and does not imply that labeling with the anti-gB MAb and
labeling with the anti-gB PAb were equal at these points (see Materials and
Methods for details). Cell nuclei are blue, and the cell periphery is magenta. As
described in Materials and Methods, these images and those in other figures
have been brightened for visibility in a published format, but quantitation was
done using the original images.

Muggeridge

6448 jvi.asm.org Journal of Virology

http://jvi.asm.org


ilarly. This was not the case, with values ranging from a high of
80.9% for MAb SS10 to a low of 14.3% for MAb H1819. In inter-
preting these results, two things should be borne in mind. The first
is that a high value indicates a tolerance for low pH and not nec-
essarily a preference for low pH over neutral pH. The second is
that all but one MAb (discussed below) stained a much larger
number of neutral pH structures, ruling out the possibility that
the poor staining of acidic structures by some MAbs was due to a
low affinity for a single conformation existing at all pH values.
Three MAbs stained about 80% of LtrRed-positive structures,
which likely indicates that the epitopes for these MAbs are unaf-
fected by low pH and that the remaining 20% of acidic structures
did not contain gB or contained gB that had been degraded. For 16
MAbs, staining of acidic structures ranged from 71.5% down to
54.9%, so a pH-induced conformational change either slightly
alters their epitopes or makes them somewhat less accessible. The
remaining seven MAbs recognized gB in less than 50% of acidic
structures, with four of them giving values below 30%. Their
epitopes are more severely affected by low pH, either directly by
localized effects on residues within or near the epitope itself or
indirectly by a larger conformational change.

As alluded to above, MAb II-125 exhibited a unique pattern of
staining, in that it appeared to label a conformation of gB found
only in acidic structures (as seen in Fig. 5). Quantitation from
z-stacks showed that 97% of II-125� structures were also LtrRed�.
As a control, the same quantitation was done for SS10 and H420,
and only 10% and 28%, respectively, of labeled structures were
also LtrRed�. This indicates that formation or exposure of the
II-125 epitope on gB in transfected cells requires a low-pH envi-
ronment.

gB conformations in infected cells. To determine if the results
obtained with transfected cells would also be true for infected cells,
HEp-2 cells were infected with HSV-2 at a low MOI for 12 h,
which maximized the number of individually infected cells that
had not yet rounded up or progressed to plaque formation. In the
first experiment, cells were dually labeled with MAbs H1819 and
H420 and examined by confocal microscopy. As shown in panel A

of Fig. 7 and the accompanying fluorogram of regions of interest,
this produced some structures labeled only with H420 and some
labeled only with H1819, as well as some labeled with both. This
demonstrates the existence of at least two conformations
(H1819�/H420� and H1819�/H420�), as was found with trans-
fected cells. The possible existence of a third conformation was
then examined by triple-labeling with MAbs H1819, H420, and
SB1. As shown in Fig. 7 panels B1 and B2 and the accompanying
fluorograms, there were some structures containing gB that is
H1819�/SB1�/H420�, which cannot be either of the first two
conformations or a mixture of them and therefore represents a
third conformation. Thus, the three conformations that were
identified in transfected cells were also present in infected cells.

To investigate the effect of low pH, infected cells were incu-
bated with LtrRed prior to labeling with anti-gB MAbs, and quan-
titation was performed as described for transfected cells. Four rep-
resentative MAbs were chosen, and for each one there were fewer
MAb-positive low-pH structures than in transfected cells, pre-
sumably because there was less gB present. The percentage of pos-
itive structures was 30.0% for SS10 (compared to 80.9% in trans-
fected cells), 38.1% for SS67 (compared to 60.3% in transfected
cells), 7.8% for H1819 (compared to 14.3% in transfected cells),
and 41.0% for II-125 (compared to 70.6% in transfected cells).
Although the difference between infected and transfected cells
varies somewhat, the important point is that in both cases there
was an adverse effect of low pH on binding of MAb H1819 relative
to the other MAbs. A further observation in agreement with the
results obtained with transfected cells was that binding of II-125
was predominantly to gB in a low pH-environment. A total of 83%
of the II-125� structures also stained with LtrRed, whereas only
12.9% of SS10� structures did so. Thus, the results are consistent
with an effect of low pH on the conformation of gB in infected as
well as in transfected cells.

DISCUSSION

Based on the properties of other class III membrane fusion pro-
teins, the purposes of this study were to determine if intracellular
HSV gB exists in more than one conformation under conditions
where membrane fusion has not yet been triggered and, if it does,
to determine if the conformation is changed by exposure to low
pH. Studies with two different soluble forms of HSV gB lacking
the transmembrane anchor, and performed using different exper-
imental approaches, have produced somewhat conflicting ideas
about the extent and importance of conformational changes in-
duced by low pH (11, 17, 18, 73). This suggested the need for an
alternative and complementary approach to the issue, by examin-
ing full-length gB in transfected cells, in the absence of other viral
proteins, and without protein extraction that could conceivably
cause conformational changes.

The rationale was that if intracellular gB exists in only one
conformation, then dual-labeling of cells with the gB PAb R90 and
any MAb that recognizes intracellular gB should produce
weighted colocalization coefficients (M1 and M2) of close to 1.0,
i.e., the PAb should see all the gB that each MAb does and vice
versa. In contrast, if intracellular gB exists in more than one con-
formation, a variety of colocalization coefficients should be seen,
depending on the extent to which the binding characteristics of a
given MAb differ between the conformations. The results that
were obtained therefore indicate that more than one conforma-

FIG 2 Weighted colocalization coefficients (M1 and M2) for each MAb used
in combination with PAb R90, determined from sets of deconvolved confocal
images. M1 indicates how much of the gB recognized by a MAb is also recog-
nized by R90, and M2 indicates how much of the gB recognized by R90 is also
recognized by a MAb. SS69 and H309 are not shown, as their coordinates were
superimposable with those of SS68 and A22, respectively.
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tion was present, since only 3 of the 26 MAbs had both coefficients
close to 1.0. Competitive binding between MAbs and R90 may
occur in some cases and influence the coefficients to some extent,
but it does not negate the conclusion about the existence of more
than one conformation, because it cannot account for structures
labeled only with the PAb and other structures labeled only with a
MAb within the same dually labeled cell.

To the extent that comparisons can be made between the co-
localization coefficient results and previously published studies on
the domains of gB to which MAbs bind (10, 41, 54), there is a good
agreement. MAbs binding to the same domain mostly have similar

correlation coefficients when compared to the PAb R90, for ex-
ample SS10, SS67, SS68, and SS69 (domain IV-III), H126, H1375,
and H1435 (domain D2a), and H420, H1373, and H1695 (domain
Dd5a). Notably, the coefficients for the three Dd5a MAbs, which
bind only to gB oligomers (54), are similar to those determined for
MAb DL16, which is also oligomer dependent (10). An exception
to the agreement between mapping data and correlation coeffi-
cients is represented by the pair H233 and H1819, which both map
to domain D2b (54); H233 recognizes 78% of the gB recognized by
R90 whereas H1819 recognizes only 34%. There are two reasons
for believing that it is the behavior of H1819, rather than of H233,

FIG 3 Confocal slices of gB-expressing cells labeled simultaneously with two anti-gB MAbs (H1819 and H420 in the left set of images and H1819 and SB1 in the
right set of images). The conjugates were Alexa Fluor 488 for H1819, Alexa Fluor 555 for SB1, and Alexa Fluor 633 for H420. Colocalization in the merged images
is indicated by white, and cell nuclei are blue. Enlargements of the two yellow boxed areas are shown with the merge feature turned off, and intensities of the pixels
within the ROIs are plotted in the adjacent fluorograms. Cell peripheries were not labeled in this experiment, as a far-red dye was used for one of the MAbs in
anticipation of labeling with three MAbs in the subsequent experiment.
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that causes this discrepancy. First, the domain D2a MAbs (H126,
H1375, and H1435) and domain D2b MAbs (H233 and H1819)
bind to the same truncated fragment of gB (amino acids [aa] 1 to
462) and differ only in their abilities to cross-neutralize MAb-
resistant virus mutants (62). Second, the M2 correlation coeffi-
cient for H233 is similar to those for the domain D2a MAbs,
whereas the coefficient for H1819 is quite different, i.e., H233 and
the D2a MAbs recognize 64% to 78% of the gB seen by R90, but
H1819 recognizes only 34%.

H1819 is one of seven MAbs that are outliers in the panel of 26
in that either they recognize less than 50% of the gB recognized by

PAb R90 or R90 recognizes less than 50% of the gB recognized by
the MAb or both. The existence of these outliers is interesting for
two reasons. First, it indicates that R90, which was made using
full-length native HSV-2 gB purified from infected cells, does not
recognize all forms of gB found in cells. Second, four of the seven
MAbs (C226, SS144, H1695, and H1819) have complement-inde-
pendent neutralizing activity; two of them, C226 and H1819, have
M2 values well below 0.5, indicating that less than half of the
intracellular gB recognized by R90 has the conformation that
these MAbs bind to in order to inhibit gB activity during virus
entry.

FIG 4 Confocal slice of a gB-expressing cell labeled simultaneously with three anti-gB MAbs: H1819 (plus Alexa Fluor 488; green); SB1 (plus Alexa Fluor 555;
red); and H420 (plus Alexa Fluor 633; magenta). The main panel shows all three MAbs, whereas the enlargements (A1 and A2 for box A, B1 and B2 for box B,
and C1 and C2 for box C), together with the accompanying fluorograms for the ROIs, each show only two MAbs. This is necessary in order to represent the results
on two-dimensional fluorograms.
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Pairs of MAbs of different isotypes were used for dual-labeling
of transfected cells, with two objectives. The more straightforward
was to confirm that more than one gB conformation can be de-
tected, and this was shown clearly by the absence of complete
colocalization. The second objective was to identify MAbs that
show mutually exclusive binding to gB. It was impractical to test
all possible combinations, so H1819 was chosen as the IgG2a MAb
and tested against various IgG1 and IgG2b MAbs in the panel.
H1819 was chosen because it was an outlier when compared to

R90 and also because it was different from most other MAbs in
that it bound poorly to gB in a low-pH environment. Pairing of
H1819 with the IgG1 MAb H420 identified some intracellular
structures labeled with both but other structures labeled only with
H420 (conformation A; H1819�/H420�) or only with H1819
(conformation B; H1819�/H420�). H1819 and H420 were not
included in a previous study of competitive MAb binding to sol-
uble truncated gB (10), but their minimum requirements for
binding are quite different, consisting of amino acids 1 to 462 for
H1819 and the oligomeric form of amino acids 1 to 695 for H420
(54). Pairing of H1819 with the IgG2b MAb SB1 identified some
structures labeled strongly with both but other structures labeled
only with SB1 (H1819�/SB1�) or strongly with H1819 and only
very weakly with SB1 (H1819�/SB1low or a combination of
H1819�/SB1� with a much smaller amount of H1819�/SB1�). If
the H1819�/H420� and H1819�/SB1� or H1819�/SB1low con-
formations were identical and the H1819�/H420� and H1819�/
SB1� conformations were identical, then two conformations
would be sufficient to explain the results. If not, then at least one
additional conformation must be present.

Combining the three MAbs in a triple-labeling experiment
identified a conformation that is H1819�/SB1�/H420�, which is
designated conformation C because it is different from conforma-
tions A (H1819�/H420�) and B (H1819�/H420�) and cannot be
a combination of them. In addition, intracellular structures that
were H1819�/SB1�/H420� and structures that were H1819�/
SB1�/H420� were also identified. Can they be accounted for
without invoking a fourth conformation, and do they shed light
on the SB1 status of conformations A and B? The simplest expla-
nation for the H1819�/SB1�/H420� structures is that conforma-
tion A and the H1819�/SB1� conformation in the dual-labeling
experiments are identical (i.e., that conformation A is H1819�/
SB1�/H420�). This is likely to be correct, because the alternative
explanation requires there to be a mixture of conformation C and
an H1819�/SB1�/H420� conformation, which was not detected.
The favored explanation for the H1819�/SB1�/H420� structures,
because it is the only one that avoids the need for a fourth confor-
mation, is that they contain a mixture of conformations A and B,
where B is now defined as H1819�/SB1low/H420�. One alternative

FIG 5 Confocal slices of gB-expressing cells labeled with an anti-gB MAb
(plus Alexa Fluor 488; green) and LtrRed (red). Cell nuclei are blue, and the cell
periphery is magenta. Each panel presents a merged image, with colocalization
of the MAbs and LtrRed indicated by white.

FIG 6 Percentage of LtrRed-positive (low-pH) structures that are labeled with a panel of anti-gB MAbs. The error bars indicate 1 standard deviation.
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is that they contain a fourth conformation, i.e., H1819�/SB1�/
H420�. The other alternative is that they contain A and B, where B
is now defined as H1819�/SB1�/H420�. However, this would re-
quire the existence of an H1819�/SB1�/H420� conformation
(combined with either B or C) to explain the H1819�/SB1low

structures observed in the double-labeling experiment and the
H1819�/SB1low/H420� structures observed in the triple-labeling
experiment. The relevance of the results described above to in-
fected cells was examined by double- and triple-labeling experi-
ments with cells infected with HSV-2 for 12 h. As with the trans-
fected cells, H1819�/H420�, H1819�/H420�, and H1819�/
SB1�/H420� conformations were detected, suggesting that the
presence of other viral proteins may not influence intracellular
conformations of gB to a significant extent.

Before discussing how conformations A, B, and C may relate to
forms of gB envisaged or characterized in other studies, there are
other possibilities to consider. One is that gB monomers may be
one of the three forms detected, by analogy with the VSV G pro-
tein, for which there is recent evidence that a monomer is an
intermediate between the pre- and postfusion trimers (2, 19).
However, dissociation of HSV gB trimers has been seen only as a
result of exposure to sodium dodecyl sulfate (SDS) during SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) (11, 17), so this

possibility is considered unlikely. Another possibility is that the
absence of one or more epitopes is caused by proteolytic cleavage
of some percentage of gB molecules. Cleavage of a small fraction of
the gB in Vero cells has been reported, but there was no cleavage in
HEp-2 cells (64), the cell type used for this study, so this possibility
is also considered unlikely. A third explanation is that epitopes are
gained or lost by interactions of gB with other molecules rather
than by changes in gB itself. In this regard, several cell proteins
have been reported as receptors for HSV gB, and interactions
could conceivably occur if they were to colocalize with gB at some
point along the exocytic or endocytic pathways. The first proposed
receptor was paired immunoglobulin-like type 2 receptor alpha
(69), but this is an unlikely candidate, because it makes cells sus-
ceptible to infection by HSV-1 but not by HSV-2 (4). The second
proposed receptor was myelin-associated glycoprotein, which was
identified in a search for varicella-zoster virus gB receptors and
then found to also bind HSV-1 gB (75). However, it was not tested
with HSV-2 gB; moreover, it was found to be expressed in glial
cells but not in any human cell lines and accordingly can be ruled
out with respect to affecting the binding of anti-gB antibodies. The
third proposed receptor was nonmuscle myosin heavy chain IIA
(3). This protein is expressed in a variety of cell types but was not
tested for binding to HSV-2 gB; thus, whether there is any involve-
ment with changes in antibody binding is conjecture. It remains
possible that interactions yet to be discovered account for one or
more of the observed patterns of MAb binding to gB, but at this
point conformational changes within the protein itself appear to
be the most credible explanation.

Whether these are large conformational changes such as occur
between the pre- and postfusion forms of the VSV G protein, or
whether the changes are limited to a few epitopes, cannot be in-
ferred at present, partly because there is no experimental evidence
that gB actually needs to undergo such a large change. Further-
more, although differences between two soluble forms of gB (s-gB
and gB730) have led to the suggestion that they represent pre- and
postfusion forms, respectively (18), a correspondence with the
conformations identified herein is not possible, as H1819, SB1,
and H420 were not used for characterization of the soluble pro-
teins (10, 17). Identifying an alternative combination of MAbs
that would not only distinguish three intracellular conformations
but also enable a comparison with s-gB or gB730 was not possible,
as no known IgG2b MAbs were used in one previous study (10),
and no known IgG2a MAbs were used in the other (17).

Considering the effects of low pH on at least one soluble form
of gB and on virion gB in one study (17, 18), and the requirement
for exposure to low pH in endosomes for virus entry into some cell
types (55–57), low pH was an obvious candidate for changing the
conformation of intracellular gB. It would pass through a low-pH
environment in the Golgi apparatus during transport to the cell
surface and in endosomes when subsequently endocytosed. Ex-
amination of MAb binding to gB in organelles with a low pH in
transfected cells revealed a wide range of results, with extremes of
about 80% acidic organelles positive for SS10, H1375, and H1695
(i.e., binding unaffected by low pH) and only about 15% positive
for H126 and H1819. This does not identify the precise pH values
at which binding diminishes, as the pH of individual organelles
cannot be determined when examining fixed cells, but it does
indicate the relative sensitivities of the panel of MAbs. Of the four
MAbs with values of less than 30%, only H126 has been tested for
reactivity with soluble forms of gB. With gB730, the form used for

FIG 7 Enlargements of areas within confocal slices of HSV-2-infected cells
labeled with combinations of anti-gB MAbs, with accompanying fluorograms
for the ROIs. (A) H1819 (plus Alexa Fluor 488; green) and H420 (plus Alexa
Fluor 633; magenta). (B1 and B2) (each showing two of the three MAbs from
the same triple-labeled slice): SB1 (plus Alexa Fluor 555; red) and either H1819
or H420 with the fluors indicated above.
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crystallization, the loss of binding at pH 5.0 in an enzyme-linked
immunosorbent assay (ELISA) was only 25%, but H126 was the
most severely affected of the 18 MAbs tested (11). More impres-
sively, when s-gB or virions were treated with low pH, H126 bind-
ing in a dot blot assay was greatly diminished and SS10 was unaf-
fected (17, 18). Furthermore, MAbs DL16, SS55, and SS144 were
also adversely affected by low pH in the latter study, but to a lesser
extent than H126, and in the present study they clustered together
in the range of 41 to 50% (i.e., were moderately affected). Thus,
the results not only build on those already published by demon-
strating an effect of low pH on the conformation of intracellular
gB but also suggest that the intracellular conformation favored at
low pH is the same as that produced by exposure of virion gB and
of s-gB to low pH (17). This raises the issue of whether conforma-
tion A, B, or C is the dominant form in intracellular low-pH struc-
tures, and this is to be the subject of future studies. Examination of
a subset of the MAbs for binding to low-pH structures in infected
cells showed that the percentage of structures labeled was lower
for all of the antibodies, for which the straightforward explanation
is that there is less gB present in an infected cell than in a trans-
fected cell. MAbs H1819 and II-125 were again found to have the
same unusual behaviors as seen with transfected cells. First, H1819
labeled gB in only a small percentage of low-pH structures while
binding well to gB in neutral pH structures. Second, the gB recog-
nized by II-125 was predominantly in low-pH structures. To-
gether, these observations indicate that low pH alters the gB con-
formation not only in transfected cells but also in infected cells.

Interestingly, the effect of low pH on the ability of MAbs to
bind gB does not correlate with their complement-independent
neutralizing activity. Some MAbs that are virtually unaffected by
low pH (for example, SS10 and H1375) have neutralizing activity,
as do some that are dramatically affected (H126 and H1819). This
is consistent with the previously published idea that different
MAbs neutralize by blocking different functions of gB (10) and
may indicate that some neutralize by binding to a prefusion con-
formation whereas others neutralize by binding to an intermedi-
ate conformation triggered by low pH or by another factor such as
a receptor interaction. A precedent for triggering of gB conforma-
tion changes in a neutral pH environment exists for HCMV gB,
which undergoes two changes upon binding of virions to cells, the
first one detectable by sensitivity to bis-aryl thiourea drugs and the
second by susceptibility to digestion by proteinase K (61). An
additional point of note is that if any of the intracellular forms of
HSV gB (whether at low or neutral pH) have the fusion-active
conformation (likely as an intermediate between pre- and postfu-
sion forms), then some other factor required for fusion is presum-
ably absent from that location in the cell in order for intracellular
membrane fusion to be avoided. Candidates to consider would
include gH/gL, a gB receptor, or the gK/UL20 complex, which has
been shown to interact with gB and which is involved in cell-to-
cell spread of the virus (14, 49).

Finally, one or more conformational changes have recently
been shown to occur in the gB protein of murine herpesvirus 4
(MuHV-4) during entry into cells by endocytosis (32). The
epitope for one MAb is gained (requiring low pH), and the epitope
for another MAb is lost (requiring low pH and an additional un-
identified trigger). As the authors of that study explain, if these
changes occur sequentially, then double-positive structures could
represent an intermediate form of gB; alternatively, if they occur

simultaneously, then double-positive structures might be the re-
sult of a reversible equilibrium between two forms.
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