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The cytoplasmic domain of glycoprotein B (gB) from herpes simplex virus type 1 (HSV-1) is an important
regulator of membrane fusion. C-terminal truncations of the cytoplasmic domain lead to either hyperfusion or
fusion-null phenotypes. Currently, neither the structure of the cytoplasmic domain nor its mechanism of fusion
regulation is known. Here we show, for the first time, that the full-length cytoplasmic domain of HSV-1 gB
associates stably with lipid membranes, preferentially binding to membranes containing anionic head groups.
This interaction involves a large increase in helical content. However, the truncated cytoplasmic domains
associated with the hyperfusion phenotype show a small increase in helical structure and a diminished
association with lipid membranes, whereas the one associated with the fusion-null phenotype shows no increase
in helical structure and only a minimal association with lipid membranes. We hypothesize that stable binding
to lipid membranes is an important part of the mechanism by which the cytoplasmic domain negatively
regulates membrane fusion. Moreover, our experiments with truncated cytoplasmic domains point to two
specific regions that are critical for membrane interactions. Taken together, our work provides several
important new insights into the architecture of the cytoplasmic domain of HSV-1 gB and its interaction with
lipid membranes.

Herpes simplex virus type 1 (HSV-1) is an enveloped,
double-stranded DNA virus that causes diseases ranging
from mild oral sores to fatal encephalitis. Viral entry, which
is the first step in the infection process, is accomplished by
the fusion of the viral envelope with the target cell mem-
brane. Four viral surface glycoproteins, glycoprotein D
(gD), gB, gH, and gL, are necessary for viral entry. gD
specifically binds one of its cellular receptors (49). This
binding event triggers membrane fusion, in which gB and
the gH/gL complex are key participants. These four glyco-
proteins can also induce the fusion of cell membranes when
coexpressed from plasmid vectors in the absence of any
other viral components, as long as the gD receptor is ex-
pressed on the surface of target cells (5, 38, 53).

gB is highly conserved among different herpesviruses (22).
HSV-1 gB is a 904-amino-acid membrane-anchored protein
that consists of a secretory signal (residues 1 to 30), a large
extraviral domain or ectodomain (residues 31 to 773), a trans-
membrane anchor (residues 774 to 795), and an intraviral or
cytoplasmic domain (residues 796 to 904) (Fig. 1). Previously,
we have determined the crystal structure of the HSV-1 gB
ectodomain (22). gB is a class III viral fusion protein (2),
presumably directly participating in fusion by bringing the viral
and the host cell membranes together. Unlike other members
of this class, i.e., glycoprotein G of vesicular stomatitis virus
(48) and baculovirus gp64 (28), gB cannot function on its own
and requires viral glycoproteins gD and gH/gL (21).

Although HSV-infected cells normally do not fuse with un-

infected neighboring cells (13), HSV mutants that induce ram-
pant formation of syncytia (large multinucleated cells) occur
with considerable frequency (47). These mutant viruses are
referred to as syncytial or syn mutants. Interestingly, the first
indication that gB participates in membrane fusion came from
the observation that virus strains with point or deletion muta-
tions within the cytoplasmic domain of gB display a syncytial
phenotype (6). In addition to gB, viruses with syn phenotypes
can contain mutations in gK (25), UL20 (36), or UL24 (27).
Yet, the majority of the syn mutations occur within the 109-
amino-acid cytoplasmic domain of gB (3, 6, 7, 11, 14, 18).
These include point mutations, insertions, and C-terminal
truncations. One of the most striking syn mutant viruses con-
tains an amber mutation in codon 877 of gB, which causes gB
to be truncated after residue 876 (3).

The effect of syn mutations in gB on its fusion activity can
also be studied using cell-cell fusion assays. Transfection of
effector cells with plasmids expressing HSV gD, gH, gL, and gB
is sufficient to induce fusion with target cells expressing one of
the HSV entry receptors (38, 45, 53). In such cell-cell fusion
assays, transfection of the effector cells with a plasmid bearing
a syn mutation in gB results in a hyperfusion phenotype (17).
Thus, the same mutations that cause a syn phenotype in in-
fected cells can cause a hyperfusion phenotype in transfected
cells.

Perhaps the best-studied syn mutations of gB are the C-
terminal truncations. In HSV-1 gB, truncations of 28 (gB876)
or 36 (gB868) residues result in increased cell fusion (3, 17). In
contrast, truncation of the gB cytoplasmic domain by 16 amino
acids (gB888) has no effect on cell fusion (17). These observa-
tions point at a regulatory sequence within residues 877 to 888
of the C-terminal domain that negatively regulates, or restricts,
membrane fusion. C-terminal truncations of the cytoplasmic
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domain of gB from HSV-2 by 25 to 49 residues result in a
similar hyperfusion activity and syncytial phenotype (16).

Importantly, larger C-terminal truncations result in a pro-
tein that fails to function in either viral entry or cell fusion. For
example, gB truncated after amino acid 851 fails to comple-
ment a gB-null virus (7). A truncation form lacking the last 49
amino acids (gB855) also fails to complement a gB-null virus
(3). Thus, residues 856 to 888 appear to be critical for mem-
brane fusion. Similar observations were made with HSV-2 gB.
Truncation of 53 residues or more from the C terminus of
HSV-2 gB resulted in a loss of fusion activity (16). These
findings suggest that the cytoplasmic domains of gBs from
closely related herpesviruses may share a conserved fusion
regulation mechanism. Taken together, these data provide
strong evidence that the cytoplasmic domain of gB plays an
essential role both in regulating membrane fusion and in mem-
brane fusion itself.

Although these mutants have been characterized in func-
tional assays, the molecular mechanism by which the cytoplas-
mic domain of gB regulates membrane fusion is unknown. In a
recent study, Park and colleagues (43) expressed a recombi-
nant form of the full-length cytoplasmic domain of gB from
Epstein-Barr virus (EBV), a herpesvirus. They showed that the
cytoplasmic domain of EBV gB has a propensity to interact
with lipid membranes. However, the cytoplasmic domains of
the EBV and the HSV gB proteins have relatively low se-
quence identity, 17 to 18%; thus, whether the cytoplasmic
domain of HSV gB has similar properties is yet unknown.

In this study, we sought to characterize the biochemical

properties of the cytoplasmic domain of HSV-1 gB and its
interactions with membranes. Moreover, we wanted to deter-
mine if the biochemical and biophysical properties of the C-
terminally truncated mutants correlate with their functional
phenotypes. To this end, we expressed and purified recombi-
nant proteins corresponding to the full-length cytoplasmic do-
main of HSV-1 gB as well as the C-terminally truncated mu-
tants associated with either the syncytial or the fusion-null
phenotype. We used circular dichroism and gel filtration to
characterize the secondary structure and the oligomeric state
of the recombinant proteins and to examine their interaction
with lipid membranes. We found that the cytoplasmic domain
of gB is a trimer in solution and that residues important for the
trimerization reside within the region from residue 801 to 851.
Further, we found that the full-length cytoplasmic domain sta-
bly interacts with anionic lipid membranes with a concomitant
increase in helical structure. In contrast, interactions of all
truncated cytoplasmic domains with anionic lipids were dimin-
ished. Moreover, the truncated mutants corresponding to a
syncytial phenotype, gB(801–876) and gB(801–868), displayed
only a modest increase in helical structure in the presence of
anionic lipids, whereas the truncated mutant corresponding to
a fusion-null phenotype, gB(801–851), showed no such in-
crease. Based on these observations, we propose a model
whereby residues 869 to 882 form a helix in the presence of
anionic lipid membranes, which accompanies a stable associa-
tion between the cytoplasmic domain and the lipid mem-
branes. We hypothesize that this event plays an important role
in negative regulation of membrane fusion by the cytoplasmic
domain.

MATERIALS AND METHODS

Reagents. Cholesterol (Chol), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate
monosodium salt (PA), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC),
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (PE) were pur-
chased from Avanti Polar Lipids Inc. (AL). 1,6-Diphenyl-1,3,5-hexatriene (DPH)
was purchased from Sigma Aldrich Corp. (St. Louis, MO). All other reagents
used in the study are of analytical grade.

Cloning of the full-length and the truncated HSV-1 gB cytoplasmic domains.
Nucleotide sequences corresponding to HSV-1 (KOS) gB wild-type cytoplasmic
domain (residues 801 to 904) or its C-terminal truncations, gB(801–876),
gB(801–868), and gB(801–851), were cloned into an Escherichia coli expression
vector, pET24b. Nucleotide sequences corresponding to the above-mentioned
regions were amplified by PCR from the full-length HSV-1 (KOS) gB gene. The
same forward primer 5�-CGCGCGCATATGCTGCAGAGCAACCCCATG-3�
(an NdeI site is underlined) was used for all constructs. The reverse primers were
5�-CGCGCGCTCGAGCAGGTCGTCCTCGTC-3� for gB(801–904), 5�-GATC
CTCGAGGACCTTGGCGCTGAGCAG-3� for gB(801–876), 5�-CGCGCTCG
AGCGTGCCCTTCTTCTT-3� for gB(801–868), and 5�-CGCGCTCGAGGGC
CATGTACCGTAT-3� for gB(801–851), with an XhoI site underlined in each.
Individual PCR products were cloned into the NdeI and XhoI restriction sites of
pET24b vector (Novagen). The resulting constructs encode respective proteins
with C-terminal His6 tags.

Expression and purification of the recombinant gB cytoplasmic domains. The
full-length cytoplasmic domain gB(801–904) and the truncated cytoplasmic do-
mains gB(801–876), gB(801–868), and gB(801–851) were expressed in the Ro-
setta strain of E. coli (Novagen). Protein expression was induced with 1 mM
IPTG (isopropyl-�-D-thiogalactopyranoside) at an optical density at 600 nm
(OD600) of 0.6. Cells were harvested after a 3-hour induction and lysed by
ultrasonication in 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, and 0.1 mM phen-
ylmethylsulfonyl fluoride (PMSF). Lysates were clarified by centrifugation at
18,000 � g. Cell lysis and all further purifications steps were done at 4°C.
Clarified lysates were passed over an Ni-Sepharose 6B fast-flow column (GE
Healthcare), and the proteins were eluted with 300 mM imidazole. The eluates
were concentrated using Ultra-4 concentrators (Millipore) and further purified

FIG. 1. Different truncations of the HSV-1 gB cytoplasmic domain
and their associated fusion phenotypes. (A) Schematic representation
of HSV-1 gB, with marked domain boundaries (top). TM is the trans-
membrane region, and cyto is the cytoplasmic domain. Below, different
gB cytoplasmic domain constructs used in the study. All recombinant
proteins start with Met followed by L801 of the gB cytoplasmic do-
main. A His6 tag is fused to the C terminus of each protein. Associated
fusion phenotypes of HSV-1 gB proteins are shown on the left. (B) Pri-
mary sequence and secondary structure prediction for the cytoplasmic
domain of HSV-1 gB, residues 796 to 904. Secondary structure pre-
diction was done using Jpred3 (9). Rectangular boxes represent helical
regions, and black lines represent random coil regions. Arrows mark
truncation sites in the constructs used in this work: black arrow, resi-
due 876; gray arrow, residue 868; dotted arrow, residue 851.
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by size exclusion chromatography using a Superdex 200 column (GE Healthcare)
equilibrated with 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, and 1 mM EDTA
(TNE buffer). Purified proteins were concentrated and their purity assessed by
SDS-PAGE and Coomassie blue G250 staining. Protein concentration was esti-
mated from absorbance at 280 nm (42).

Preparation of lipid SUVs. Small unilamellar lipid vesicles (SUVs) were pre-
pared by ultra-sonication of hydrated lipid mixtures of different compositions (4).
We used 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphate monosodium salt (PA), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (PE), and cholesterol. The SUVs were com-
posed of either pure PC, PC mixed with PA in 1:1 molar ratio (PC/PA), PC
mixed with PE in 1:1 molar ratio (PC/PE), or PC mixed with cholesterol in 1:2
molar ratio (PC/Chol). To prepare SUVs, chloroform stocks of lipids were mixed
in appropriate ratios in glass vials. Chloroform was then removed by drying
under an N2 gas stream, and the lipid film was hydrated in TNE buffer at room
temperature overnight with agitation. Hydrated lipid layers were then downsized
by ultrasonication until suspension became clear. After sonication, large multi-
lamellar vesicles and titanium debris from the sonication tip were removed from
suspension by centrifugation at 18,000 � g for 20 min in a tabletop centrifuge.
Lipid SUVs prepared by this method are generally 20 to 50 nm in diameter (30).
Lipid SUVs were stored at 4°C and used within 1 week of preparation.

Interaction of gB cytoplasmic domains with membrane mimetics, studied by
far-UV CD spectroscopy. We used two types of membrane mimetics: detergent
micelles of either anionic (sodium dodecyl sulfate [SDS]) or nonionic (Tween 20)
nature or water-alcohol mixtures (water-ethanol [EtOH] or water-trifluoroetha-
nol [TFE]). The proteins were incubated with detergents or with water-alcohol
mixtures for 1 h at room temperature before far-UV circular dichroism (CD)
spectra were recorded. To study the interactions of the gB cytoplasmic domain
with lipid membranes, proteins were incubated with SUVs of different lipid
composition at different protein-to-lipid molar ratios for 3 h at room tempera-
ture before recording far-UV CD spectra.

Far-UV CD spectra of gB cytoplasmic domain proteins in buffer alone or in
the presence of different membrane mimetic solvents or lipid SUVs were re-
corded in 20 mM sodium phosphate buffer (pH 7.6) and 100 mM NaF at a final
protein concentration of 0.2 mg/ml, at room temperature, using a Jasco 810
circular dichroism spectropolarimeter. The scan speed was set to 50 nm/min.
Band pass and response time were set to 1 nm and 1 s, respectively. All spectra
were averaged over three accumulations, blank corrected, and processed for
noise elimination. Ellipticity values are reported as mean residue weight ellip-
ticity, or �. Initially, we estimated secondary structure from the CD spectra of the
protein in buffer alone and in the presence of SDS, TFE, or ethanol using the
program CONTINLL in the CDPro suite (http://lamar.colostate.edu/�sreeram
/CDPro/). However, CD spectra in the presence of lipid SUVs had a very low
signal-to-noise ratio, below 200 nm, which resulted in unrealistic secondary
structure estimates in CDPro. Hence, the helical content of the protein in the
presence of liposomes was estimated from �222 values using the formula %
helix � [(�222 � �222

0)/(�222
H � �222

0)] � 100%, as described previously (32),
and using �222

H � �38,000° cm2 dmol�1 and �222
0 � 4,000° cm2 dmol�1 as �222

values for 100% helix and 100% random coil, respectively (34, 37). Both methods
gave similar estimates of helical content for gB(801–904) in buffer alone as well
as in the presence of detergent micelles or alcohol-water mixtures, validating the
use of either method for estimation of secondary structure in our experiments.
Therefore, for consistency, secondary structure content under all tested condi-
tions was reported from �222 values.

Size exclusion chromatography. The oligomeric state of the gB cytoplasmic
domain proteins was analyzed by size exclusion chromatography on a Superose
12 10/30 HR column (GE Healthcare). The column was equilibrated with TNE
buffer. Approximately 0.5 mg of each protein was loaded onto the column.
Elution of proteins was monitored by absorbance at 280 nm. The column was
calibrated with molecular mass standards catalase (232 kDa), bovine serum
albumin (BSA) (66 kDa), ovalbumin (44 kDa), �-lactoglobulin (36 kDa), chy-
motrypsinogen (25 kDa), and lysozyme (14 kDa). The void volume of the column
was determined using blue dextran.

Assay to study stable association of gB cytoplasmic domains with PC-PA
SUVs. To test binding of the gB cytoplasmic domain proteins to lipid SUVs, 0.3
mg of each protein were mixed with a 30 M excess of PC/PA SUVs, incubated at
room temperature for 3 h, and loaded onto a Superose 12 10/30 HR column, at
4°C. Protein elution was monitored by absorbance at 280 nm, and fractions of 0.5
ml were collected throughout the run. PC/PA SUVs alone and protein alone
served as controls. The elution volume of PC/PA SUVs was determined by
adding 10 �M 1,6-diphenyl-l,3,5-hexatriene (DPH) to each fraction and record-
ing fluorescence intensity in a fluorimeter with excitation and emission wave-
lengths set to 358/430 nm. DPH is a lipophilic dye that fluoresces intensely only

when bound to lipids. Aliquots of equal volume from fractions in the void peak
and the protein peak from each gel filtration run were analyzed by using SDS-
PAGE and Coomassie blue G250 staining. The amount of protein that coeluted
with PC/PA SUVs was determined by densitometry analysis of scanned gel
images. For each protein, band intensities of protein that coeluted with SUVs
were integrated and expressed as a percentage of the total integrated intensity of
all bands, i.e., protein coeluted with SUVs plus unbound protein. Each experi-
ment was done in triplicate, and the mean result was reported. All differences,
except that between gB(801-876) and gB(801-868), are statistically significant,
with P 	 0.05.

RESULTS

Expression and purification of the full-length and the trun-
cated cytoplasmic domains. We expressed constructs gB(801–
904), gB(801–876), gB(801–868), and gB(801–851) (Fig. 1A)
with C-terminal His6 tags in E. coli. All proteins were purified
to homogeneity by metal affinity and size exclusion chromatog-
raphies (Fig. 2A). We initially expressed the entire cytoplasmic
domain of HSV-1 gB, residues 796 to 904. However, this pro-
tein was rapidly cleaved by a contaminating protease between
residues R800 and L801, as determined by N-terminal se-
quencing and mass spectrometry of the proteolytic product. To
avoid heterogeneity in protein samples due to proteolysis, we
excluded the first five residues of the cytoplasmic domain from
all constructs. N-terminal methionine is not cleaved off, and as
a result, all proteins used in our studies start with methionine
followed by residue L801 (Fig. 1A). In addition to gB(801–
904), we expressed gB(801–876) and gB(801–868), which cor-
respond to a syncytial, or hyperfusion, phenotype, and gB(801–
851), which corresponds to a fusion-null phenotype (Fig. 1A).

Secondary structures of the full-length and the truncated
cytoplasmic domains in aqueous buffer. Secondary structure
prediction algorithms (9) strongly predict three helices within
the gB cytoplasmic domain (Fig. 1B). We refer to these puta-
tive helices as helix h1, helix h2, and helix h3, respectively.
Previously, helices at similar locations within the cytoplasmic
domain of gB were predicted (41, 44). We wished to determine
whether the differences in the fusion phenotypes of gB proteins
containing the full-length or the truncated cytoplasmic do-
mains could be due to differences in the secondary structures
of their respective cytoplasmic domains.

Circular dichroism (CD) is routinely used to estimate sec-
ondary structure content in proteins. Different types of regular
secondary structure found in proteins give rise to characteristic
CD spectra in the far-UV region, below 250 nm (29). For
example, 
-helices yield two prominent negative peaks, at 208
nm and 222 nm, and a positive peak at 192 nm; the intensity of

-helical CD signal increases with increasing helical content.
In contrast, CD spectra of �-sheets typically show a single
negative peak at 215 nm and a positive peak at 198 nm,
whereas random coils give rise to a negative peak at 200 nm.
The CD spectrum of a protein that contains different types of
secondary structure, i.e., a typical protein, is essentially a linear
combination of CD spectra of different types of secondary
structure in the protein determined by their relative contents
(50). A number of algorithms exist which use data from the
far-UV CD spectra to estimate the secondary structure com-
position of a given protein. Most procedures employ basis data
sets that contain CD spectra of several proteins with various
folds, for which crystal structures are available (50). In addi-
tion, the helical content of a protein or a peptide can be
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estimated more straightforwardly, even if less accurately, by
using the value of the CD signal at 222 nm (8, 32). CD provides
only an estimate of the secondary structure content, however,
and does not assign secondary structure to specific protein
regions (29).

We first recorded far-UV CD spectra of the full-length cy-
toplasmic domain, gB(801–904) (Fig. 2B). The CD spectrum of
gB(801–904) showed minima at �222 nm and �205 nm, con-
sistent with the presence of 
-helical structure in the cytoplas-
mic domain. A secondary structure estimate from the CD
signal at 222 nm yielded 26.0% 
-helix. One of the minima was
observed at 205 nm rather than at 208 nm, which is character-
istic of helical structure. This is because the helical content is
relatively low but the random-coil content is high, so the min-
imum is shifted away from 208 nm toward the random coil
minimum at 200 nm. Similar CD spectra were observed for the
cytoplasmic domain of EBV gB (43). Although the cytoplasmic
domains of EBV and HSV gB proteins have relatively low
sequence identity, 17 to 18%, their secondary structures ap-
pear to be similar.

Next, we recorded the CD spectra for gB(801–876) and
gB(801–868) and found that they were not significantly differ-
ent from the CD spectrum of gB(801–904) (Fig. 2B). Spectra
for gB(801–851) could be collected only at wavelengths above

200 nm due to a noisy CD signal below 200 nm. The CD signal
is very sensitive to protein aggregation, and even very small
amounts of aggregates can result in noise at below 200 nm.
Over time, a small fraction of gB(801–851) protein aggregates;
thus, the noisy CD signal could have resulted from the pres-
ence of very small amounts of aggregates in freshly purified
protein. Nevertheless, above 205 nm, the gB(801–851) spec-
trum was similar to that of gB(801–904). Therefore, we con-
clude that the C-terminal truncations in gB associated with the
syncytial and fusion-null phenotypes do not result in dramatic
changes in the secondary structure, at least in aqueous solutions.

The full-length and the truncated cytoplasmic domains are
trimeric. We determined the oligomeric state of the full-length
cytoplasmic domain of HSV-1 gB by size exclusion chromatog-
raphy. The calculated molecular mass of the gB(801–904)
polypeptide is 12.8 kDa, and so the calculated molecular mass
of a trimer is 38.4 kDa. On the Superose 12 column, gB(801–
904) elutes in the same elution volume as ovalbumin (44 kDa)
(Fig. 2C). Thus, gB(801–904) has an apparent molecular mass
of approximately 44 kDa, which is close to the expected mo-
lecular mass of a trimer. For comparison, the cytoplasmic do-
main of EBV gB is also a trimer in solution (43). We next
tested the truncated cytoplasmic domains. The predicted mo-
lecular masses of trimeric gB(801–876), gB(801–868), and

FIG. 2. Biochemical characterization of the full-length and the truncated cytoplasmic domains of HSV-1 gB. (A) SDS-PAGE of purified
recombinant gB(801–904), gB(801–876), gB(801–868), and gB(801–851). M, molecular weight markers (labeled on the left). (B) Overlays of the
far-UV CD spectra. Averages of three replicates are reported. � is mean residue ellipticity. (C) Overlays of size exclusion chromatograms on a
Superose 12 HR 10/30 column. Elution positions of molecular mass standards catalase (230 kDa), bovine serum albumin (66 kDa), ovalbumin (44
kDa), �-lactoglobulin (36 kDa), chymotrypsinogen (25 kDa), and lysozyme (14 kDa) are marked by dots on top. Predicted molecular masses of
trimeric proteins are shown on the right.
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gB(801–851) are 28.5 kDa, 26.1 kDa, and 20.4 kDa, respec-
tively. On the size exclusion column, the elution volumes of
gB(801–876), gB(801–868), and gB(801–851) corresponded to
progressively smaller apparent molecular masses (Fig. 2C).
This trend agreed with the calculated molecular masses. Thus,
the full-length and the truncated cytoplasmic domains are tri-
mers in solution. We conclude that truncations do not disrupt
the cytoplasmic domain trimer and that the syncytial and the
fusion-null phenotypes must be due to some other changes in
the physical properties of the cytoplasmic domain. Impor-
tantly, none of the gB(801–851) protein eluted in the void
volume of the size exclusion column, which suggests that it
does not aggregate to any appreciable extent.

The cytoplasmic domain changes its conformation in the
presence of membrane mimetics. Earlier, Park et al. reported
that the cytoplasmic domain of EBV gB has a propensity to
interact with membranes (43). We wanted to determine if the
same is true for the cytoplasmic domain of HSV-1 gB, given
the low sequence identity between the two cytoplasmic do-
mains. Detergent micelles and water-alcohol mixtures are
commonly used membrane mimetics for studying protein-
membrane interactions (23, 26). We chose the anionic deter-
gent sodium dodecyl sulfate (SDS), the nonionic detergent
Tween 20, and two alcohols, ethanol and trifluoroethanol
(TFE).

We recorded far-UV CD spectra of gB(801–904) in the
presence of detergents or alcohols and compared them with
the spectrum of gB(801–904) in aqueous buffer alone (Fig. 3).
In buffer alone, gB(801–904) had 26.0% of helix as estimated
from its CD spectrum (Fig. 3A; Table 1). In the presence of
0.01% SDS (below the critical micelle concentration [CMC]),
however, helical content increased to 36.4% (Fig. 3A; Table 1).
In the presence of a higher SDS concentration, 0.05% SDS
(around the CMC), gB(801-904) showed a smaller increase in

helical content, to 31.7%. Currently, it is unclear why mono-
meric SDS (at 0.01%) resulted in a higher increase in helicity
than SDS micelles (0.05%). Perhaps this is due to the dena-
turing effect of SDS at high concentrations.

The CD spectra of gB(801-904) recorded in the presence of
0.5% nonionic detergent Tween 20 overlapped those recorded
in buffer alone (Fig. 3B). Thus, the helical content of gB(801-
904) was not affected by the presence of neutrally charged
Tween 20 micelles. This suggests that the negative charge on
SDS micelles may be important for inducing higher helicity in
the cytoplasmic domain.

Alcohols stabilize helices in proteins by promoting intramo-
lecular hydrogen bonds and lowering the dielectric constant of
the solvent (26). In the presence of 30% TFE, just as in the
presence of SDS, the molar ellipticity at 222 nm increased with
a concomitant shift of the negative minimum from 205 nm to
208 nm (Fig. 3C). Both trends indicate an increase in helical

FIG. 3. Far-UV CD spectra of gB(801–904) in the presence of detergent micelles and water-alcohol mixtures. (A) SDS; (B) Tween 20, (C) 30%
TFE; (D) 50% EtOH. Control spectra (gray filled circles) in each panel are of protein in buffer alone.

TABLE 1. Secondary structure estimates for gB(801-904) obtained
from �222 valuesa

Additive �222, ° cm2

dmol�1 % Helicityb

Absolute
increase

in helicity
(%)

Protein alone
(control)

�6,916.3 26.0

0.01% SDS �11,281.5 36.4 10.4
0.05% SDS �9,312.5 31.7 5.7
0.5% Tween 20 �6,921.8 26.0 None
30% TFE �19,482.3 55.9 29.9
50% EtOH �17,540.1 51.3 25.3

a Corresponding CD spectra are shown in Fig. 3.
b Calculated using the formula �(�222 � �222

0)/(�222
H � �222

0)� � 100, where
�222 � �38,000° cm2 dmol�1 and �222 � 4,000° cm2 dmol�1 (32).
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content in TFE, which was estimated as 55.9% (Table 1). The
same effect was observed in 50% EtOH (Fig. 3D), where the
helical content increased to 51.3% (Table 1). In summary,
gB(801-904) showed a significant increase in helical structure
in a more hydrophobic environment, i.e., anionic detergent
micelles or water-alcohol mixtures. These data suggest that the
cytoplasmic domain of HSV-1 gB may interact with mem-
branes, an interaction that increases its helical content.

The cytoplasmic domain changes its conformation in the
presence of anionic lipid SUVs. We further studied the inter-
action of the cytoplasmic domain with membranes using small
unilamellar lipid vesicles (SUVs), a more realistic membrane
model. We chose to use small instead of large unilamellar
vesicles (LUVs) because SUVs are more compatible with spec-
troscopic studies (35). Lipid SUVs containing various amounts
of PC (a neutrally charged lipid), PE (a neutrally charged
lipid), cholesterol (a sterol), and PA (an anionic lipid) were
used to evaluate the effect of lipid composition on membrane
interaction. PC, cholesterol, and PE are relatively abundant in
eukaryotic membranes (55). In addition, membrane sites with
a high abundance of cholesterol, such as lipid rafts, are pre-
ferred sites of interaction for many viral fusion proteins (52).
PA was chosen to test the effect of the negative charge of the
head group.

We recorded the CD spectra of gB(801–904) in the presence
of increasing amounts of lipid SUVs of four different compo-
sitions (PC alone, PC/Chol, PC/PE, and PC/PA) (Fig. 4A and
E). Large changes in the CD spectra of gB(801–904) were seen
with increasing concentrations of PC/PA SUVs (Fig. 4A). Spe-
cifically, the molar ellipticity at 222 nm increased with the
increasing lipid-to-protein ratio and reached a maximum at a
molar ratio of 50:1 (Fig. 4A, inset). The helical content in-
creased from 28.6% in buffer alone to 43.9% in the presence of
a 40-fold molar excess of PC/PA (Table 2). This large change
indicates that in the presence of PC/PA-containing SUVs,
some disordered parts of the polypeptide chain fold into heli-
ces due to interaction between the protein and the lipid. In
contrast, the CD spectra of gB(801–904) in the presence of PC,
PC/Chol, or PC/PE were similar to the protein spectrum in
buffer alone, even at a molar lipid-to-protein ratio of 40:1 (Fig.
4E). These lipids have a net neutral charge, and so we conclude
that the cytoplasmic domain interacts only with anionic lipids.
This conclusion is supported by our observation that gB(801–
904) showed an increase in helical content in the presence of
anionic but not nonionic detergent micelles (Fig. 3A and B).

To summarize, the CD data demonstrate that the cytoplas-
mic domain of gB preferentially interacts with anionic lipid
SUVs, which is accompanied by the formation of new helices.
Our findings are consistent with the observations made with
the cytoplasmic domain of EBV gB (43), where changes in CD
spectra were observed in the presence of PC/PG anionic
LUVs.

Truncated cytoplasmic domains show diminished confor-
mational changes in the presence of lipid membranes. We next
investigated whether truncated cytoplasmic domains show
a similar interaction with lipid SUVs. The CD spectra of
gB(801–876) and gB(801–868) showed increased ellipticity in
the presence of increasing concentrations of PC/PA SUVs
(Fig. 4B and C), but the extent of this increase in both cases
was lower than that observed for gB(801–904). At a molar

lipid-to-protein ratio of 40:1, the helical content of gB(801–
876) increased from 27.9% to 36.5% whereas the helical con-
tent of gB(801–868) increased from 29.6% to 36.9% (Table 2).
The CD spectra of these two proteins in the presence of PC,
PC/Chol, and PC/PE did not show any significant changes (Fig.
4F and G). We conclude that the removal of residues 877 to
904 in the cytoplasmic domain of gB diminishes its ability to
interact with anionic lipid SUVs, probably because residues
877 to 904 are important for membrane interaction. The re-
moval of additional residues 869 to 876 did not result in a
further decrease in interactions.

Far-UV CD spectra of the gB(801–851) protein in the pres-
ence of lipid SUVs were very noisy in the 195- to 210-nm
region, which could be due to aggregation. Over time, a small
fraction of gB(801–851) aggregates in solution, as mentioned
earlier. Although we do not know the aggregation mechanism,
it is possible that truncation results in an exposure of a hydro-
phobic patch which is normally buried in the full-length cyto-
plasmic domain. This aggregation behavior of the protein is
probably enhanced in the presence of lipid SUVs compared to
protein alone in solution. Nevertheless, in the 215- to 260-nm
range, gB(801–851) showed no appreciable change in its CD
spectra in the presence of PC/PA SUVs (Fig. 4D; Table 2).
Had the protein aggregated completely, the spectrum would
have shown noise throughout the scanned wavelength range,
and the signal would also have been significantly reduced.
Therefore, we conclude that gB(801–851) does not change its
secondary structure in the presence of anionic lipid SUVs. This
further suggests that residues that undergo disorder-to-helical
structure transition in the presence of anionic lipids may be
located within the C-terminal region encompassing residues
852 to 904. Alternatively, residues within the region from po-
sition 801 to 851 can undergo a conformational change in the
presence of lipids but only when downstream residues are
present as well.

The full-length cytoplasmic domain stably associates with
anionic lipid membranes. Our next question was whether the
cytoplasmic domain stably associates with anionic lipid SUVs,
which we tested by using size exclusion chromatography. Due to
their relatively large size, 20 to 50 nm, free SUVs should elute in
the void volume of a Superose 12 column. In contrast, the cyto-
plasmic domain falls within the inclusion limit of the column and
elutes much later than the void (Fig. 2C). Coelution of protein
with SUVs would thus indicate a stable association.

The full-length cytoplasmic domain, gB(801–904), was incu-
bated with a 30-fold molar excess of PC/PA SUVs, and the
mixture was analyzed on a Superose 12 column. In the absence
of lipid SUVs, no protein eluted in the void volume, consistent
with earlier experiments (Fig. 2C), and only the peak corre-
sponding to free protein was seen (Fig. 5A). However, in the
presence of a 30-fold molar excess of PC/PA SUVs, we ob-
served a large void peak (Fig. 5A). This void peak, however,
represents both lipid-bound protein and free SUVs, since the
latter cause strong light scattering at 280 nm. We confirmed
that SUVs elute in the void peak by probing the fractions
corresponding to the peak with the lipophilic dye 1,6-diphenyl-
1,3,5-hexatriene (DPH) (data not shown). To confirm the pres-
ence of protein in the void peak, fractions were analyzed by
SDS-PAGE (Fig. 6A), and the amount of protein that coeluted
with SUVs was determined by densitometry of scanned gel
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images. On average, 41.6% of gB(801–904) coeluted with
PC/PA SUVs, which indicates that nearly half of gB(801–904)
stably associates with PC/PA SUVs. The remaining free pro-
tein is probably in equilibrium with lipid-bound protein under
the conditions of the experiment.

Stable association was specific to PC/PA SUVs because in

the presence of PC SUVs, no gB(801–904) was found in the
void peak (Fig. 5B and 6B). Thus, the cytoplasmic domain
stably associates only with anionic lipid membranes, a result
that is consistent with our observation that gB(801–904) shows
an increase in helical content in the presence of anionic but not
neutrally charged lipid SUVs (Fig. 3A and B).

FIG. 4. Far-UV CD spectra of the full-length and the truncated cytoplasmic domains of HSV-1 gB in the presence of lipid SUVs. (A to D)
Spectra recorded in the presence of increasing molar ratios of PC/PA SUVs to protein. (A) gB(801–904); (B) gB(801–876); (C) gB(801–868);
(D) gB(801–851). (E to G) Spectra were recorded in the presence of a 40:1 molar ratio of PC, PC/PE, or PC/Chol SUVs to protein.
(E) gB(801–904); (F) gB(801–876); (G) gB(801–868). Control spectra in each panel are of protein in buffer alone. The inset in panel A shows �
at 222 nm plotted against increasing molar ratios of PC/PA SUVs to protein.
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Truncated cytoplasmic domains have diminished binding to
anionic lipid membranes. We next tested the three truncated
cytoplasmic domains in the liposome association experiment
(Fig. 5C to E and Fig. 6C to E). Significantly less of gB(801–
876) (34.2%) and gB(801–868) (30.5%) protein coeluted with
PC/PA liposomes compared to gB(801–904) (Fig. 6C and D).
Interestingly, only 12% of gB(801–851) bound to the PC/PA
liposomes (Fig. 6E). Even this small amount may represent
only the nonspecifically bound protein, because mixing of
gB(801–851) with SUVs caused a small fraction of the lipids to
precipitate. Thus, each of the truncations diminished associa-
tion with anionic lipid membranes, and the largest truncation
had the biggest effect. Our overall conclusion from the size
exclusion experiments is that the cytoplasmic domain can sta-
bly associate with anionic liposomes, and C-terminal trunca-
tions diminish this association. This association was nearly
eliminated for gB(801–851), and thus we conclude that resi-
dues 877 to 904 may be required for stable interaction with
anionic liposomes while residues 852 to 868 may additionally
contribute to this interaction. Nonetheless, we cannot exclude
the possibility that residues within the region from position 801
to 851 can undergo a conformational change in the presence of
lipids but require the presence of residues in the region from
position 852 to 904.

DISCUSSION

The cytoplasmic domain of HSV-1 gB functions as an im-
portant regulator of cell membrane fusion in herpesviruses, but

its structure and mechanism of action are still unknown. Pre-
vious work (43) showed that the full-length cytoplasmic do-
main of gB from a related EBV is trimeric in solution and can
interact with anionic membranes and detergent micelles, with
a concomitant increase in helical content. However, due to low
sequence identity between the cytoplasmic domains of EBV
and HSV gBs, we could not predict whether the latter would
display the same properties as the former. Thus, our first goal
was to determine the oligomeric state of the cytoplasmic do-
main of gB and its ability to interact with membranes. More-
over, we wanted to characterize the C-terminal truncation mu-
tants of the gB cytoplasmic domain, so as to determine the
biochemical basis of their hyperfusion or fusion-null pheno-
types.

The data presented here provide several important new in-
sights into the architecture of the cytoplasmic domain of HSV
gB and its interaction with lipid membranes. For the first time,
we show that the full-length cytoplasmic domain of HSV-1 gB
interacts stably with lipid membranes, preferentially binding to
membranes containing anionic head groups. This membrane
interaction involves a dramatic increase in helical content.
Moreover, our experiments with truncated cytoplasmic do-
mains point to two specific regions, residues 852 to 868 and 877
to 904, which are critical for these changes to occur. Finally, we
show that residues within the region from position 801 to 851
are important for trimerization.

Secondary structure and the oligomeric state of the cyto-
plasmic domain in solution. Secondary structure algorithms
(9) strongly predict three helices within the cytoplasmic do-
main of HSV-1 gB: helix h1, residues 811 to 818; helix h2,
residues 837 to 865; and helix h3, residues 869 to 882 (Fig. 1).
Previously, helices at similar locations within the cytoplasmic
domain of gB were predicted (41, 44). The full-length cyto-
plasmic domain of gB, gB(801–904), has a characteristic helical
signature in its CD spectrum when in aqueous buffer. How-
ever, the secondary structure content, between 26 and 28.6%
as estimated from CD spectra, is below the expected helical
content of 45% if all predicted helices actually form in aqueous
solution. Further, the truncated cytoplasmic domain proteins
gB(801–876), gB(801–868), and gB(801–851) have CD spectra
similar to that of gB(801–904). Despite differences in polypep-
tide length, the helical content of the truncated gB cytoplasmic
domain proteins is similar to that of the full-length domain.
This suggests that some of the predicted helices do not fully
form in aqueous solution.

We also determined that the full-length and the truncated
gB cytoplasmic domains gB(801–876), gB(801–868), and
gB(801–851) are trimers in solution. Thus, residues important
for trimerization reside within the region from position 801
to 851.

The cytoplasmic domain of HSV-1 gB interacts with lipid
membranes. gB(801–904) stably bound anionic liposomes, coe-
luting with the liposomes in a size exclusion experiment. More-
over, the helical content of the full-length cytoplasmic domain,
gB(801–904), increased from 28.6% to 43.9% in the presence
of anionic lipid SUVs, which is close to the predicted helical
content value for the cytoplasmic domain. It has been previ-
ously observed that disordered segments in proteins adopt a
regular secondary structure upon binding to their biological
targets (12, 54). Accordingly, we found a disorder-to-order

TABLE 2. Secondary structure estimates obtained from �222 valuesa

gB
cytoplasmic

domain

Ratio of
protein

to PC/PA

�222, ° cm2

dmol�1 % Helicityb

Absolute
increase in

helicity
(%)

gB(801–904) Protein alone
(control)

�8,053.5 28.6

1:10 �9,691.7 32.6 4.0
1:20 �11,508.6 36.9 8.3
1:30 �13,849.7 42.5 13.9
1:40 �14,466.7 43.9 15.3

gB(801–876) Protein alone
(control)

�7,743.0 27.9

1:10 �8,336.2 29.4 2.5
1:20 �9,319.6 31.7 3.8
1:30 �10,751.7 35.1 7.2
1:40 �11,346.5 36.5 8.6

gB(801–868) Protein alone
(control)

�8,418.9 29.6

1:10 �9,077.9 31.1 1.5
1:20 �10,000.8 33.3 3.7
1:30 �10,363.4 34.1 4.5
1:40 �11,535.7 36.9 7.3

gB(801–851) Protein alone
(control)

�6,706.0 25.5

1:20 �5,713.7 23.1 None
1:40 �6,417.4 24.8 None

a Corresponding CD spectra are shown in Fig. 4.
b Calculated using the formula �(�222 � �222

0)/(�222
H � �222

0)� � 100, where
�222 � �38,000° cm2 dmol�1 and �222 � 4,000° cm2 dmol�1 (32).
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change when the cytoplasmic domain was incubated with an-
ionic lipid membranes. Our data suggest that this conforma-
tional change is brought about by a stable interaction between
the protein and the lipid membranes.

The biochemical properties of gB(801–876) and gB(801–
868) in our assays were similar. Both retained some ability to
associate with anionic liposomes (less than the full length), and
showed a small increase in helical content. In contrast, the
shortest form, gB(801–851), did not associate with liposomes
to an appreciable degree and did not show any increase in
helical content in their presence. These results suggest that

residues 877 to 904 are required for stable interaction with
lipid membranes, while residues 852 to 868 additionally con-
tribute to this interaction.

Based on these results, we propose that in the presence of
lipid membranes, residues 869 to 882 undergo a disorder-to-
helix transition, which is necessary for stable association of the
cytoplasmic domain with membranes. When the predicted he-
lix h3 is either shortened at its C terminus, as in gB(801–876),
or deleted, as in gB(801–868), the ability of the cytoplasmic
domain to associate with membranes is diminished. How can a
shorter helix result in diminished lipid binding? In one possible

FIG. 5. Association of the full-length and the truncated cytoplasmic domains of HSV-1 gB with SUVs. (A) gB(801–904) and PC/PA SUVs;
(B) gB(801–904) and PC SUVs; (C) gB(801–876) and PC-PA SUVs; (D) gB(801–868) and PC-PA SUVs; (E) gB(801–851) and PC-PA SUVs.
Protein in buffer alone (solid line) or a mixture of SUVs and protein at a 30:1 molar ratio (dashed line with open circles) was applied to the
Superose 12 HR 10/30 column. For each protein, the resulting chromatograms of the protein alone and protein-lipid mixtures were overlaid to
match the baselines.
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explanation, in the absence of residues 877 to 882, the remain-
der of the predicted helix h3 is less stable. Alternatively, the C
terminus of the predicted helix h3 is directly involved in inter-
actions with liposomes. The last residue in this helix is R882,
which is followed by the sequence K883-R884-R885. This
stretch of four positively charged amino acids could be critical
for association with anionic liposomes. Importantly, R882 and
R884 are highly conserved among gB proteins of other her-
pesviruses, suggesting that they are functionally important.

The predicted helix h3 is not the only region within the
cytoplasmic domain that becomes more ordered upon interac-
tion with lipid membranes. Residues 852 to 868 within the
C-terminal half of the predicted helix h2 also may undergo a
disorder-to-order transition in the presence of anionic lipid
membranes. gB(801–868), which lacks the predicted helix h3,
showed a small increase in helicity when incubated with an-
ionic lipid membranes. However, gB(801–851), which lacks
both the predicted helix h3 and the C-terminal half of the
predicted helix h2, did not show any increase in helicity. Thus,
both predicted helices h2 and h3 become ordered upon inter-
action with lipid membranes and contribute to stable associa-
tion of the cytoplasmic domain with lipid membranes.

We hypothesize that the interactions with lipid membranes
mediated by residues from the predicted helix h3 may play an
important role in regulating the fusion activity of gB. It is
known that gB mutants truncated after residue 876 or 868,
gB876 and gB868, have a hyperfusion phenotype in transfected
cells (17). Moreover, HSV-1 mutant virus encoding gB876 has
a syncytial phenotype in infected cells (3). In these hyperfusion
mutants, the predicted helix h3 is either missing (gB868) or
shortened (gB876). Therefore, the intact predicted helix h3
may be necessary for regulating the fusion activity of gB such
that its removal or shortening leads to a hyperfusion phe-
notype. Along this line of reasoning, a helix-destabilizing mu-
tation in the predicted helix h3 would be predicted to result in
the hyperfusion phenotype. Indeed, gB containing a “helix-
breaking” mutation, A874P, has been reported to have a mild
hyperfusion phenotype in a cell-cell fusion assay (17).

The fusion-null phenotype displayed by gB truncated after
residue 851 (gB851) is more difficult to explain. gB(801–851)
shows no increase in helical structure in the presence of an-
ionic lipid membranes and does not stably associate with them.
Thus, we conclude that some weak interaction with mem-
branes, such as seen for gB(801–868), may be necessary for
fusion. Also, gB851 may lack regions that are important for
proper folding. gB(801–851) is aggregation prone and slowly
precipitates out of solution over time; thus, it may simply be
somewhat unstable. Although gB(801–851) has a helical struc-
ture and is trimeric in solution, its structural integrity may be
compromised, thereby affecting its function.

How does the cytoplasmic domain interact with the lipid
membranes? The precise mode of interaction with membranes
is yet unknown. However, the predicted helix h3 is unlikely to
span the lipid bilayer because it has low hydrophobicity and a
suboptimal length, approximately 14 amino acid residues,
whereas a transmembrane helix has, on average, 21 amino acid
residues (15). The predicted helix h3 could be oriented parallel
to the membrane surface, which has been observed in other
membrane-associated proteins (e.g., viral glycoproteins) (58).
However, this type of membrane interaction typically involves
an amphipathic helix (10), and the predicted helix h3 is not
amphipathic. As another possibility, the cytoplasmic domain
could interact with the membrane in a manner reminiscent of
the HIV matrix protein. This trimeric protein is involved in
HIV assembly and associates with the inner leaflet of the viral
envelope by means of a myristoyl group and several basic
residues. The crystal structure of the matrix protein highlights
a flat membrane-binding surface in which several large basic
patches formed by exposed basic residues could cooperate with

FIG. 6. Association of the full-length and the truncated cytoplas-
mic domains of HSV-1 gB with SUVs, analyzed by SDS-PAGE.
(A) gB(801–904) and PC/PA SUVs; (B) gB(801–904) and PC SUVs;
(C) gB(801–876) and PC/PA SUVs; (D) gB(801–868) and PC/PA
SUVs; (E) gB(801–851) and PC/PA SUVs. Equal-volume aliquots
from the respective fractions from the Superose 12 HR 10/30 column
(Fig. 5) were analyzed by SDS-PAGE and stained with Coomassie blue
G250. M stands for molecular weight markers, which are labeled on
the left. Each gel is representative of three experiments.
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the myristoyl groups to anchor the protein to the acidic inner
membrane of the virus (24, 46). Although the cytoplasmic
domain of gB is not myristoylated, it does contain two con-
served arginines, R882 and R884, and several other basic res-
idues. These conserved and nonconserved basic residues in the
gB cytoplasmic domain could be important for membrane as-
sociation.

Possible mechanism of fusion regulation. How interaction
with lipids with concomitant ordering of helix h3 restricts
membrane fusion is unknown. Cytoplasmic domains of several
viral fusion proteins have been shown to inhibit membrane
fusion. For example, F proteins from different isolates of the
paramyxovirus simian virus 5 (SV5) have either short (20-
amino-acid) or long (42-amino-acid) cytoplasmic domains. F
proteins with short cytoplasmic domains cause extensive cell-
cell fusion whereas F proteins with long cytoplasmic domains
cause very limited cell fusion, if any. Thus, the C-terminal 22
amino acid residues in F proteins with long cytoplasmic do-
mains are thought to function as a negative regulatory se-
quence. The F proteins are trimeric, and the C-terminal 22
amino acids are thought to stabilize the structure of the cyto-
plasmic domain through self-association within F trimers (57).
Importantly, the addition of a triple-stranded coiled coil from
an unrelated protein to the short cytoplasmic domain of F
suppressed cell-cell fusion (56, 57). Thus, although the precise
mechanism involved in regulation is unknown, stabilization of
the structure of the cytoplasmic domain through intramolecu-
lar protein-protein interactions leads to suppression of cell-cell
fusion.

As another example, in several retroviruses, e.g., Moloney

murine leukemia virus (MLV), cleavage of 16 amino acids
from the C terminus of the cytoplasmic domain of the Env
protein upon particle formation is required for Env to become
fusogenic (19). In this way, the 16-residue region, called the R
peptide, inhibits this activity of Env until the virus has left the
cell. Although the mechanism by which the R peptide inhibits
fusion is unknown, it has been proposed that the uncleaved
MLV Env cytoplasmic domain forms a trimer in which the R
peptide forms a triple-stranded coiled coil that suppresses fu-
sion by stabilizing Env in its fusion-inactive form (51).

The presumed mechanisms of inhibition in both examples ap-
pear to be relevant to the one used by the HSV-1 gB cytoplasmic
domain. In all three cases, stabilization of the inactive conforma-
tion of a fusion protein through stabilization of its cytoplasmic
domain appears to play a key role. However, the mechanisms
used to achieve this common goal are somewhat different. In the
cases of SV5 F and MLV Env, this stabilization of an inactive
form is achieved through protein-protein interactions within the
cytoplasmic domain, whereas in case of HSV-1 gB, it is achieved
through protein-lipid interactions. Even then, we cannot exclude
the possibility that protein-protein interactions, perhaps through
formation of a triple-stranded coiled coil, are involved in fusion
inhibition by HSV-1 gB.

Ultimately, in all of the cases discussed here, the mechanism
of regulation is thought to involve transmission of a signal from
the cytoplasmic domain to the ectodomain in what can be
described as inside-out signaling. In SV5, several mutations in
the ectodomain of F protein increased the extent of syncytia;
this effect was suppressed in the presence of the long cytoplas-
mic domain (57). Also, the antibody reactivity of the ectodo-

FIG. 7. Proposed model of gB fusion activity regulation by the cytoplasmic domain.
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main differed between the F proteins with long and short
cytoplasmic domains (56). In MLV, removal of the R peptide
affected antibody reactivity of the ectodomain (1) as well as
isomerization of the intersubunit disulfide of the Env SU/TM
complex (33). In HSV-1 gB, truncations in the cytoplasmic
domain affected the antibody reactivity of the ectodomain (31).
All of these data point to communication between the ectodo-
main and the cytoplasmic domain, probably through the trans-
membrane region.

In summary, based on our results, we propose that putative
helix-forming regions in the C-terminal part of gB cytoplasmic
domain, helices h2 and h3, become folded in the presence of
lipid membranes and are necessary for stable association of the
cytoplasmic domain with membranes (Fig. 7). Because we ob-
served this effect only in the presence of anionic liposomes, we
propose that the net negative charge of the lipid surface is an
important determinant of this interaction. We hypothesize that
the formation of the helices and the concomitant association of
the cytoplasmic domain with membranes play an important
part in the mechanism of fusion regulation. In the absence of
the predicted helix h3, the gB cytoplasmic domain does not
interact strongly with membranes, and this leads to unregu-
lated fusion, i.e., the hyperfusion phenotype (Fig. 7). When
both the predicted helix h3 and the C terminus of the predicted
helix h2 are absent, the interaction between the cytoplasmic
domain and membranes is lost, leading to a fusion-null phe-
notype. Thus, a specific and stable association between the
cytoplasmic domain of gB and membranes may be required for
fusion.

Although the cytoplasmic domains of gB proteins from less
related herpesviruses share very few conserved residues, they
may serve conserved functions. For example, truncations in the
cytoplasmic domain of gB from a closely related HSV-2 have
very similar phenotypes (16, 39). Further, truncations in the
cytoplasmic domains of two other, less related, herpesviruses,
Epstein-Barr virus and pseudorabies virus, result in hyperfu-
sion and fusion-null phenotypes (20, 40). Sites of these trun-
cations are located at positions equivalent to residues 868 and
851 of HSV-1. Cytoplasmic domains of these and other her-
pesvirus gB proteins are also predicted to contain helices.
Thus, our proposed regulatory mechanism could also apply to
other herpesviruses. To conclude, our observations, for the
first time, provide a biochemical rationale for the syncytial and
fusion null phenotypes observed with gB mutants containing
cytoplasmic domain truncations.
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