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Glycoprotein H (gH) is conserved among all herpesviruses and is essential for virus entry and cell fusion
along with gL, gB, and, in most alphaherpesviruses, gD. Within the gH/gL heterodimer, it is thought that gH
accounts for the fusion function and gL acts as a chaperone for the folding and transport of gH. Here, we found
that the N terminus of gH2 contains important elements involved in both its folding and its transport. Our
conclusions are based on the phenotypes of a series of gH deletion mutants in which the signal sequence
(residues 1 to 18) was retained and N-terminal residues were removed up to the number indicated. The first
mutant, gH2�29 (deletion of residues 19 to 28), like wild-type (WT) gH, required gL for both transport and
function. To our surprise, two other mutants (gH2�64 and gH2�72) were transported to the cell surface
independent of gL but were nonfunctional, even when complexed with gL. Importantly, a fourth mutant
(gH2�48) was transported independent of gL but was functional only when complexed with gL. Using a panel
of monoclonal antibodies against gH2, we found that when gH2�48 was expressed alone, its antigenic structure
differed from that of gH2�48/gL or gH2-WT/gL. Mutation of gH2 residue R39, Y41, W42, or D44 allowed
gL-independent transport of gH. Our results also show that gL is not merely required for gH transport but is
also necessary for the folding and function of the complex. Since gH2�64/gL and gH2�72/gL were nonfunc-
tional, we hypothesized that residues critical for gH/gL function lie within this deleted region. Additional
mutagenesis identified L66 and L72 as important for function. Together, our results highlight several key gH
residues: R39, Y41, W42, and D44 for gH transport and L66 and L72 for gH/gL structure and function.

Glycoprotein H (gH) is conserved among all herpesviruses
and is essential for virus entry. The herpes simplex virus (HSV)
gH/gL heterodimer represents the functional form of these
proteins (22, 35, 39). This heterodimer is an essential compo-
nent of the core fusion machinery that also includes gB (41).
Four glycoproteins (gB, gD, gH, and gL) as well as a gD
receptor are required for entry into most alphaherpesviruses,
including HSV (42). The current hypothesis is that the gD-
receptor complex is required to stabilize the virus-cell interac-
tion and also acts as a trigger for fusion that requires gB and/or
gH/gL. The crystal structures of gD (5, 26) and gB (21) have
been solved. The structure of gB closely resembles those of
other known fusion proteins, most notably the vesicular sto-
matitis virus G protein (38), leaving open the question of the
precise role of gH/gL.

In HSV, the formation of the gH/gL complex is necessary for
protein localization both in the virion envelope and on the cell
surface (22, 35, 39). When gH is expressed in the absence of
gL, it remains in the endoplasmic reticulum (ER) (22, 25).
When gL, which lacks a transmembrane domain, is expressed
in the absence of gH, it is secreted from cells (8, 22, 35). It is
hypothesized that gL harbors a chaperone-like activity neces-
sary for the folding and transport of gH. The amino acids
involved in the binding of gH to gL are located between resi-

dues 19 and 323 of HSV-1 gH (2, 35, 45) and residues 20 and
147 of gL (25, 35).

To date, most of the important functional residues have
mapped downstream of the gL binding site on gH. For in-
stance, Galdiero et al. (11) determined that residues near the
C terminus of gH1 are important for its role in cell fusion and
virus infectivity. Two cysteines at residues 652 and 706 are also
important for gH1 function, although this does not appear to
be the case for gH2 (3). Others (1, 20, 46) have shown that the
transmembrane region and cytoplasmic tail of gH1 are critical
for the fusion activity of gH1/gL1. Lopper and Compton (28)
identified a region in gH1 (residues 445 to 465) as a possible
coiled-coil through its similarity to a region in human cytomeg-
alovirus gH. Gianni et al. (16, 17) expanded upon this idea and,
through algorithmic analysis, detected a heptad repeat (HR-1)
between amino acids 445 and 465 and a coiled-coil domain
within amino acids 377 to 398 (Fig. 1A). Synthetic peptides
corresponding to these regions blocked cell-cell fusion and
virus infectivity (15) and also promoted the fusion of liposomes
in vitro (12).

We recently generated an epitope map for gH2 (Fig. 1),
identifying eight separate linear antigenic regions (I to VIII)
that span the entire molecule. We identified two gH2-specific
monoclonal antibodies (MAbs), CHL17 and CHL32, that bind
to region I (residues 19 to 38) and block cell-cell fusion (4).
These same MAbs have virus-neutralizing activity, and MAb
CHL17 also inhibits the cell-cell spread of HSV-2, prompting
us to take a closer look at the gH2 N terminus. The deletion of
the region containing the CHL17 and CHL32 epitopes had no
effect on cell-cell fusion or gH-null virus complementation. To
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our surprise, the deletion of these N-terminal residues enabled
the transport of gH to the cell surface without the need for the
coexpression of gL. However, gL was still required for proper
folding of the gH/gL complex, and in the case of a mutant
lacking residues 19 to 47, it was also required for function.
Expanding upon these results, we found that gH2 mutants
missing residues 19 to 63 (gH2�64) or 19 to 71 (gH2�72) also
exhibited the permissive gH transport phenotype but were
unable to function when coexpressed with gL. Further analysis
revealed that a point mutation at gH2 residue 72 (L72A) was
sufficient to render gH/gL nonfunctional and another at gH2
residue 66 (L66A) impaired function. Our results highlight the
importance of the gH2 N terminus in gH/gL transport, struc-
ture, and function.

MATERIALS AND METHODS

Plasmid DNAs. Plasmids pTC510 (gH2-WT), pTC579 (gL2-WT), pTC578
(gD2-WT), and pTC580 (gB2-WT) were previously described (3). The plasmids
used in the fusion assay, pCAGGS/MCS, pLUC, and pT7-pol, were gifts of P. G.
Spear (33, 36). Plasmids pTC642 (gH2�48), pTC684 (gH2�64), pTC643
(gH2�72), pTC661 (gH2�48-71), pTC685 (gH2�48-63), and pLF663 (gH2�62-
72) were created using a QuikChange XL site-directed mutagenesis kit (Strat-
agene Cloning Systems) as described previously (6). To create these deletion
mutants, primers were designed to “loop out” unwanted residues during ampli-
fication and were as follows (deletion sites underlined): pTC642, 5�-GTGGGC
GTTGCCGGGGGCGGGCGTCTGTGGTTGCCC and 5�-GGGCAACCACA
GACGCCCGCCCCCGGCAACGCCCAC; pTC684, 5�-GTG GGC GTT GCC
GGG GGC GGA CGC TTG GCG CCC CCG and 5�-CGG GGG CGC CAA
GCG TCC GCC CCC GGC AAC GCC CAC; pTC643, 5�-GTGGGCGTTGC
CGGGGGCCTCAACCTGACTACGGCATC and 5�-GATGCCGTAGTCAG
GTTGAGGCCCCCGGCAACGCCCAC; pTC661, 5�-TGGCGCGACACAAA
CACCCTCAACCTGACTACGGCATC and 5�-GATGCCGTAGTCAGGTTG
AGGGTGTTTGTGTCGCGCCA; pTC685, 5�-TGG CGC GAC ACA AAC

ACC GGA CGC TTG GCG CCC CCG and 5�-CGG GGG CGC CAA GCG
TCC GGT GTT TGT GTC GCG CCA; and pLF663, 5�-CCCGACGCCAGCG
ACCCCCTCAACCTGACTACGGCATC and 5�-GATGCCGTAGTCAGGTT
GAGGGGGTCGCTGGCGTCGGG. The QuikChange XL kit was also used to
generate plasmids from template pTC510 (gH2-WT) that contain single-residue
point mutations: pTC682 (gH2-L32A), pTC683 (gH2-L35A), pTC710 (gH2-
L37A), pTC673 (gH2-R39A), pTC755 (gH2-T40A), pLF681 (gH2-Y41A),
pTC711 (gH2-W42A), pTC712 (gH2-R43A), pTC756 (gH2-D44A), pTC665
(gH2-G64A), pTC666 (gH2-R65A), pTC669 (gH2-L66A), pTC667 (gH2-P68A),
pTC668 (gH2-P69A), pTC670 (gH2-G70A), pTC671 (gH2-E71A), pTC672
(gH2-L72A), and pTC657 (T75A). The gH gene in each plasmid was sequenced
to screen out PCR errors.

Viruses and cells. 293T cells were grown in Dulbecco modified Eagle medium
(DMEM) containing 10% fetal bovine serum (FBS). Mouse melanoma cells
expressing nectin-1 (designated C10) were grown in 10% FBS-DMEM contain-
ing 500 �g/ml G418 (30). CHO-K1 cells were grown in Ham’s F-12 medium
containing 10% FBS. The CHO cell line CHO-HVEM12, expressing the HSV
receptor herpesvirus entry mediator HveA (HVEM) (44), and CHO-R3A, ex-
pressing nectin-1 (14), were grown in 10% FBS–F-12 containing 250 �g/ml G418.
CHO-K1 and CHO-HVEM12 cells were kindly provided by P. G. Spear. African
green monkey kidney (Vero) cells were grown in 5% FBS-DMEM. Propagation
of the gH-null virus SCgH-z on F6 cells (gifts of A. Minson) was as previously
described (10, 27).

Antibodies. The polyclonal antibodies (PAbs) used in this study were prepared
as follows. Rabbit serum R137 was prepared against purified gH1t/gL1 (35), and
R176 was prepared against gH2t/gL2 (3). The CHL series of MAbs were char-
acterized and described by Cairns et al. (4). The MAbs that recognize linear gH2
epitopes were as follows: CHL32 (group I, residues 19 to 38), CHL25 (group III,
residues 73 to 92), CHL41 (group IV, residues 136 to 146), CHL35 (group
Va, residues 145 to 155), CHL36 (group Vb, residues 145 to 155), CHL38 (group
VI, residues 352 to 371), CHL43 (group VII, residues 352 to 371), and CHL29
(group VIII, residues 676 to 686). The MAb CHL2 recognizes a discontinuous,
conformation-dependent epitope of gH2/gL2. MAbs CHL28, CHL34, and
CHL39 recognize linear epitopes within the C terminus of gL2.

Immunoprecipitation. 293T cells were transfected with the desired plasmids
according to the GenePORTER protocol (Gene Therapy Systems, Inc.). At 48 h

FIG. 1. (A) Diagram of gH1, with the signal sequence (sig) (stripes), potential fusion domains (16, 17) (gray), and transmembrane region
(TMR) (black) indicated with boxes. Cysteines are designated with a “C,” and hypothetical disulfide bonds (3) are represented with a dotted line.
N-linked glycosylation sites (lollipop structures) are also shown. (B) Diagram of gH2. Epitopes I through VIII (4) are indicated with white boxes.
Individual amino acids are shown in expanded form below gH2 for residues 19 to 75. Amino acid deletions are represented by horizontal lines
below the gH2 diagram. Amino acids that were mutated to alanine are shown in bold, and residue L72 is circled. HR1, heptad repeat 1; HR2,
heptad repeat 2; coil, hypothetical coiled-coil/fusion peptide.
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posttransfection, cells were lysed in 10 mM Tris, pH 8, 150 mM NaCl, 10 mM
EDTA, 1% NP-40, 0.5% deoxycholic acid, and 1 mM phenylmethylsulfonyl
fluoride. Thirty microliters of lysate was mixed with 70 �l of lysis buffer and then
incubated with the appropriate antibody overnight at 4°C. Proteins were precip-
itated with protein A-agarose beads (Gibco BRL) for 2 h at 4°C, separated by
electrophoresis on a 12% sodium dodecyl sulfate-polyacrylamide gel, and de-
tected by Western blotting with the appropriate counter antibody.

Immunofluorescence. Immunofluorescence was performed as outlined by
Cairns et al. (3) with some modifications. C10 cells were transfected using
GenePORTER with plasmids encoding gL and either wild-type (WT) or mutant
gH2. Cells were then seeded onto glass coverslips in 24-well plates at 1 � 105

cells/well and incubated overnight at 37°C. The following steps were carried out
at room temperature. To test for surface expression, cells were first fixed with 3%
paraformaldehyde (PFA) for 30 min (or overnight), then quenched with 50 mM
NH4Cl2 for 10 min, and blocked for 30 min with 10% goat serum–phosphate-
buffered saline (PBS). Cells were then incubated with PAb R176 (diluted 1:100
in blocking solution) and/or 5 to 10 �g/ml of MAb for 30 min, washed with PBS,
and then incubated with a fluorescent-tagged secondary antibody (diluted 1:1,000
in blocking solution) for 30 min. Coverslips were washed three times with PBS
and once with distilled water and finally adhered to the slides in mounting
solution containing DAPI (4�,6�-diamidino-2-phenylindole; Molecular Probes, Inc.,
Eugene, OR). When the binding of the MAb CHL2 was being tested, cells on a
second set of coverslips were first incubated with 2 �g/ml of MAb and then fixed.
For internal staining, an additional step (a 10-min incubation with 0.1% Triton
X-100–PBS) was carried out after the quenching step. For CHO-K1 cells, plas-
mids were transfected using Lipofectamine (Invitrogen) following the manufac-
turer’s protocol; all other steps were performed as described above. Cells were
observed under a Nikon Eclipse E600 microscope at a magnification of �20.

Cell-cell fusion and complementation assays. A luciferase reporter gene ac-
tivation assay (33, 36) was performed in a 96-well format to quantitate cell-cell
fusion as described by Cairns et al. (3). To test for syncytium formation, 24-well
plates containing C10 cells were transfected and stained with Giemsa (2). C10
cells were used in place of CHO cells for this assay because they form more-
extensive syncytia under WT conditions and therefore were easier to observe and
photograph. The complementation protocol was as described previously (2).
Briefly, Vero cells were transfected overnight at 37°C using GenePORTER and
then infected with 106 PFU of SCgH-z. After 2 h, the virus was acid inactivated,
fresh medium was added, and the cells were incubated overnight. At 24 h
postinfection, cells were freeze-thawed and virus was collected from the culture
medium. Virus-containing supernatants were serially diluted and titered on F6
cells. Cells were fixed with 5% formaldehyde-PBS and stained with crystal violet,
and plaques were scored.

CELISA. To detect gH/gL binding and cell surface expression, we used a
cellular enzyme-linked immunosorbent assay (CELISA) (13, 19). C10 cells grow-
ing in 6-well plates were transfected with the appropriate plasmid via the Gene-
PORTER protocol and then reseeded 24 h later onto 96-well plates (pretreated
with 0.2% gelatin-PBS). At 48 h posttransfection, cells were fixed with 1% PFA
for 20 min, quenched with 50 mM NH4Cl for 10 min, and then incubated for 2 h
with various concentrations of an anti-gL MAb cocktail (CHL28, CHL34, and
CHL39) diluted in 3% bovine serum albumin-PBS, all at room temperature.
Secondary antibody goat anti-mouse coupled to horseradish peroxidase was
added, and bound antibody was detected with ABTS [2,2�-azinobis(2-ethyl-
benzthiazolinesulfonic acid)] peroxidase substrate (Moss, Inc.).

RESULTS

Previously, we demonstrated that gH2-specific group I
MAbs block gH/gL function (4), suggesting that region I (res-
idues 19 to 38) is an important functional domain. To test this
possibility, we constructed a series of deletion mutants within
the gH2 N terminus that removed all or part of epitope I:
gH2�29 (deleting residues 19 to 28), gH2�48 (deleting resi-
dues 19 to 47), gH2�64 (deleting residues 19 to 63), and
gH2�72 (deleting residues 19 to 71) (Fig. 1B). All four dele-
tion mutants were expressed as well as or better than WT gH2
and were immunoprecipitated with the anti-gH MAb CHL29
(group VIII, residues 676 to 686) (Fig. 2, top). As expected, the
mutants were not immunoprecipitated by the group I-specific
MAb CHL32 (Fig. 2, bottom).

Surface expression of the mutant proteins was determined
on nectin-bearing B78-C10 cells (hereafter referred to as C10
cells) by using indirect immunofluorescence (Fig. 3). As ex-
pected, surface expression of gH2-WT required coexpression
of gL2, confirming previous observations with HSV-1 that gL is
required for the transport of gH out of the ER (8, 9, 19, 22, 25,
35, 37). When the four deletion mutants were coexpressed with
gL, all were detected on the cell surface. The smallest deletion
mutant, gH2�29, was like the WT in that it was not found on
the cell surface in the absence of gL. Surprisingly, this was not
the case for mutants gH2�48, gH2�64, and gH2�72; these
three mutants were present on the cell surface even when
expressed in the absence of gL. The phenotype of these three
mutants suggested that residues within this region of gH nor-
mally block its independent transport and that coexpression of
gL overcomes this block. Moreover, this unusual phenotype
appeared to reside mainly within amino acids between residues
29 and 48, though we could not rule out some contribution of
residues as far downstream as position 72. Identical results
were seen when the mutants were expressed in CHO cells
(data not shown).

The transport phenotypes of gH2�48, gH2�64, and gH2�72
gave us the opportunity to study gH2 with and without gL. We
therefore asked whether gH2�48, gH2�64, and gH2�72 could
function in cell-cell fusion without gL. Using a luciferase re-
porter assay system (3, 33, 36), we tested the mutants for their
fusogenic properties on receptor-expressing CHO target cells
that were transfected with a plasmid encoding the luciferase
protein under the control of the T7 promoter. Effector cells
were prepared by cotransfection of CHO cells with plasmids
containing the genes for T7 polymerase, gB, gD, and either the
WT or mutant form of gH. In Fig. 4A, the plasmid for gL was
not part of the transfection mixture (with the exception of the
positive control, which included WT gB, gD, gH, and gL). In
Fig. 4B, the plasmid for WT gL was added to each effector cell
transfection.

Target and effector cells were cocultured for 20 h, lysed, and
then assayed for luciferase activity (i.e., fusion). As expected
from the results shown in Fig. 3, cells transfected with gH2-WT
or gH2�29 were unable to fuse target cells when gL was absent
(Fig. 4A). However, this was also the case for mutants that
were expressed on the surface in the absence of gL (Fig. 4A),
showing that gL is necessary for fusion even if gH is present on

FIG. 2. Immunoprecipitation of gH2 deletion mutants. Lysates of
C10 cells transfected with plasmids expressing gL2 and either WT gH2
or a gH2 deletion mutant were immunoprecipitated with either MAb
CHL29 (group VIII, residues 676 to 686) or CHL32 (group I, residues
19 to 38). Immunoprecipitated proteins were then separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and analyzed by
Western blotting. Blots were probed with the PAb R176.
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the cell surface. We next examined the functional activity of
the gH mutants when gL was present. Mutants gH2�29 and
gH2�48 fused cells at WT levels, but gH2�64 and gH2�72
were nonfunctional (Fig. 4B).

Similar results were seen when each mutant was tested in a
virus complementation assay (Table 1). The infectivity of gH-
null viruses complemented with gH2�29 and gH2�48 was
greater than 50% of that achieved by gH2-WT, whereas the
infectivity of gH-null viruses complemented with gH2�64 and
gH2�72 was at least 3 logs below WT levels. Our results iden-
tify three phenotypic categories of gH proteins: (i) the WT

phenotype of gL-dependent transport and function (gH2�29),
(ii) gL-independent transport but gL-dependent function
(gH2�48), and (iii) gL-independent transport of a nonfunc-
tional protein, with or without gL (gH2�64 and gH2�72)
(Fig. 4C).

FIG. 3. Cell surface expression of WT and mutant forms of gH2 by
an immunofluorescence assay. C10 cells were transfected with plas-
mids encoding gH in the absence or presence of gL2. Cells were fixed
with 3% PFA and then incubated with the PAb R176. The gH2/gL2
complex was detected using a fluorescent-tagged goat anti-rabbit sec-
ondary antibody. Cell nuclei were stained blue with DAPI. Permeab-
ilized C10 cells expressing gH-WT with and without gL are shown in
the first two panels as a control for protein expression.

FIG. 4. Examination of gH function. (A) Results of a cell-cell fu-
sion assay in the absence of gL. Target CHO-K1 cells (expressing the
luciferase protein and the HSV receptor HVEM) were cocultivated
with effector CHO cells (expressing T7 polymerase, gB1, and gD1 plus
WT gH2, mutant gH2, or empty vector DNA) and tested for light
production 20 h later. No difference was seen in fusion between target
cells expressing either nectin-1 (CHO-R3A) or HVEM (CHO-
HVEM12), so only CHO-HVEM12 data are presented. The percent
WT was calculated as follows: (relative light units [RLU] of test sam-
ple/RLU of WT) � 100. (B) Results of a cell-cell fusion assay in the
presence of gL. The quantitative fusion assay was performed as de-
scribed for panel A, except the plasmid encoding gL2 was included in
the transfection mix. Each sample was assayed in at least three sepa-
rate experiments, and the average values (with error bars representing
standard errors) are plotted on the bar graph. (C) Table representing
the three distinct phenotypes seen upon assaying for gH/gL function.
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Analysis of gH2�48 and the trafficking phenotype. Clearly,
gH2�48 has very different properties when it is expressed with-
out gL (i.e., nonfunctional) compared to when it is coexpressed
with gL (i.e., functional). One possibility is that the conforma-
tion of gH2�48 is the same in both cases and that the missing
function resides entirely in gL. The second possibility is that

the structure of gH2�48 is altered by coexpression with gL.
Since gL binding is thought to be a prerequisite for the folding
of a functional gH/gL molecule, we hypothesized that gH2�48
alone never achieves this “functional conformation.”

To investigate this possibility, we tested the reactivity of
surface-expressed gH2-WT/gL, gH2�48/gL, and gH2�48 with
our panel of gH2 MAbs (Fig. 5 and Table 2). The MAb CHL2,
which recognizes an epitope that is present only on the full
gH2/gL2 complex, recognized gH2�48/gL but not gH2�48
alone (Fig. 5A). The group III MAb CHL25 had a recognition
pattern similar to that of CHL2. The results obtained with
CHL2 and CHL25 demonstrate that gL binding has an effect
on the structure of gH. Group V MAbs (exemplified by
CHL36) recognized all three forms of gH, while the group IV
MAb CHL41 recognized none of them (Fig. 5A). Therefore,

TABLE 1. Properties of WT and mutant gH2 forms

Deletion or
mutation

Surface expression
gL2

binding
CHL2

binding

Cell-cell
fusion
(%)

Complementation
(%)Without

gL
With

gL

None (WT) � � � � 100 100.0
�29 � � � � 107 55.5
�48 � � � � 94 58.1
�64 � � � �a 3 0.2
�72 � � � �a 10 0.1
�48-71 � � � �a 7 1.5
�48-63 � � � �a 4 2.3
�62-72 � � � �a 5 0
G64A NDb � � � 71 54.5
R65A ND � � � 60 51.6
L66A � � � �a 29 9.6
P68A ND � � � 77 65.4
P69A ND � � � 43 30.0
G70A ND � � � 93 67.1
E71A � � � � 89 81.0
L72A � Reduced �c � 6 0.8
T75A ND � � � 60 33.8

a Bound only if CHL2 was added prior to the fixation step (see Materials and
Methods).

b ND, not determined.
c gL binding was undetectable by CELISA and immunofluorescence assay;

however, gL coexpression was required for cell surface expression of gH2-L72A.

FIG. 5. Characterization of the gH2�48 mutant. (A) C10 cells were transfected and processed for an immunofluorescence assay (IFA) as
described for Fig. 3. The primary antibodies used for detection were as follows: PAb (R176), CHL2 (conformational; group IX), CHL36 (group
V), CHL25 (group III), CHL41 (group IV), and CHL29 (group VIII). Those MAbs that were tested but not shown include CHL35 (group V),
CHL38 (group VI), and CHL43 (group VII). (B) Schematic of the gH2�48 mutant depicting its antigenic regions. Epitopes III through VIII are
shown as boxes. Shaded boxes (III, VI, VII, and VIII) indicate epitopes that are presented differently from the WT gH/gL complex, as determined
by the IFA used for panel A; white boxes (IV and V) indicate epitopes that are presented in the same way as WT gH/gL. The gH signal sequence
(sig) is depicted as a striped box and the transmembrane region (TMR) as a black box. The �48 deletion is shown as a gap in the line model.

TABLE 2. MAb recognition of cell surface proteins, as determined
by immunofluorescence assay

Protein

Detection of protein by indicated gH2 MAb group
(amino acids in epitope)

III
(73–92)

IV
(136–146)

V
(145–155)

VI
(352–371)

VII
(532–542)

VIII
(676–686)

IXa

gH2-WT/gL � � � � � � �
gH2�48/gL � � � � � � �
gH2�48 � � � � � � �

a Group IX, represented by the MAb CHL2, recognizes a conformation-
dependent, gL-dependent epitope that has not been mapped to a specific se-
quence of amino acids.
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group IV and V MAbs were unable to distinguish between WT
and mutant gH2 forms (Fig. 5B).

A particularly striking result was obtained with MAb CHL29
(group VIII) (Fig. 5A). This MAb, which recognizes gH resi-
dues 676 to 686, did not recognize gH2-WT/gL but did bind
cells expressing gH2�48 or gH2�48/gL. We observed similar
MAb recognition patterns with CHL38 (group VI) and CHL43
(group VII) (Table 2). We cannot rule out the possibility that
cells expressing gH2�48 and gL may contain a mixed popula-
tion of proteins (gH2�48 and gH2�48/gL) and that CHL29
binding occurs only in gH2�48 lacking gL. Another possibility
is that epitopes normally hidden in the gH/gL complex become
exposed in gH2�48. Taken together, our observations suggest
that gH2�48 is structurally different from either gH2-WT/gL
or gH2�48/gL (Table 2 and Fig. 5B), in turn implying that gL
coexpression and complex formation are important for gH2
folding and function.

One way to explain the gL-independent transport of mutant
gH2�48 is to postulate the presence of an ER retention signal
at the N terminus of gH2-WT. According to this hypothesis, we
would expect gH-WT to be retained in the ER unless gL is
present. Upon gL binding, this signal would be covered/ob-

scured and gH would then be transported out of the ER.
Perusal of the amino acid sequence of the gH N terminus did
not reveal any known ER retention signals, although it does
contain residues commonly found in such signals, such as
leucine, arginine, and tyrosine (7, 29, 40). We therefore tar-
geted these residues (L32, L35, L37, R39, Y41, and R43) as
well as several nearby residues (T40, W42, and D44) and used
site-directed mutagenesis to change them individually to ala-
nine. Each mutant was assayed for gH cell surface expression
in the presence or absence of gL. Four of the point mutants
(the R39A, Y41A, W42A, and D44 mutants) exhibited some
gL-independent gH2 cell surface expression (Fig. 6 and data
not shown), although the number of cells expressing gH2 al-
ways increased when gL was present. However, the results
suggest that amino acids R39, Y41, W42, and D44 are impor-
tant in modulating the trafficking of gH2.

Further mutagenesis of gH2 between residues 48 and 75.
Deletion mutants gH2�64 and gH2�72 were unable to support
either cell-cell fusion or gH-null virus complementation (Fig.
4B and Table 1), suggesting that the region from residues 48 to
71 is important for function. To further investigate this region,
we constructed the internal deletion mutants gH2�48-71,
gH2�48-63, and gH2�62-72 and tested them for function.
None of these mutants were able to support complementation
or cell-cell fusion (Fig. 7A). Interestingly, the mutant contain-
ing the smallest internal deletion, gH2�62-72, fared the worst
and its titer in complementation was at least 5 logs lower than
that achieved by WT gH/gL (Table 1). In order to more nar-
rowly define the residues responsible for this phenotype, we
made and tested the following point mutants: G64A, R65A,
L66A, P68A, P69A, G70A, E71A, and L72A. Since it was
conceivable that the N-linked glycosylation site immediately
following our region of interest (residues 73 to 75) was impor-
tant for function, we also constructed the T75A mutant to
remove this glycosylation site (11, 35). Of these point mutants,
most were only modestly altered in function. However, two
mutants (the L66A and L72A mutants) showed major defects
in complementation. Virus titers for these mutants were less
than 10% of that achieved by gH2-WT (Fig. 7A, top). Both of
these mutants also displayed markedly reduced activities in the
cell-cell fusion assay, with levels of 29% and 6% of that of
the WT, respectively (Fig. 7A, bottom, and Table 1). Although
the L66A mutant was still able to generate syncytia on C10
cells when coexpressed with gB, gD, and gL, the L72A mutant
was not (Fig. 7B).

There are several possible reasons that the L66A and L72A
mutants were functionally impaired, such as defects in surface
expression, gL binding, and/or protein folding. gH2-L72A/gL
was detected on the cell surface by immunofluorescence with
an anti-gH2/gL2 polyclonal antibody (R176) (Fig. 8A), albeit
at reduced levels compared to gH2-WT/gL (data not shown).
That gH2-L72A/gL was unable to bind the conformation-de-
pendent, gL-dependent MAb CHL2 (Fig. 8A) even though
CHL2 can recognize gH2 with L72 deleted (the mutant
gH2�62-72) most likely means that gH2-L72A/gL is misfolded
due to the change of leucine to alanine. CHL2 readily bound
the other point mutants when they were complexed with gL,
including gH2-L66A/gL (Table 1). However, unlike gH2-WT/
gL, gH2-L66A/gL was able to bind CHL2 only when the MAb
was added before the fixation step (Fig. 8A and data not

FIG. 6. Cell surface expression of gH2 N-terminal point mutants.
C10 cells were transfected and processed for an immunofluorescence
assay as described for Fig. 3. The gH2 amino acid sequence (residues
19 to 47) is shown, with a box highlighting those residues (in red)
important for gH trafficking.
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shown), suggesting that the structure of this mutant is some-
what unstable.

Since gH2-L72A/gL was not recognized by CHL2, whose
epitope requires the gH/gL complex, we wondered whether the
L72A mutant was able to bind gL. Curiously, anti-gL MAbs
failed to recognize the L72A mutant when it was coexpressed
with gL, as detected either by immunofluorescence (CHL39)
(Fig. 8A) or by CELISA (data not shown). Also, the mature,
higher-molecular-weight forms of gH and gL (2, 8, 22, 39) were
not detected for gH2-L72A/gL when analyzed by Western blot-
ting (Fig. 8B). Although we were unable to directly assess gL
binding to the L72A mutant, we hypothesize that the L72A
mutant might bind gL, since the L72A mutant is expressed on
the cell surface only when coexpressed with gL (Fig. 8A).
These observations may indicate that a complex of gH2-
L72A/gL has a structure radically different from that of gH2-
WT/gL; the possibility exists that epitopes for the gL MAbs
and also glycosylation sites might be hidden or that gL might
disassociate from the L72A mutant after reaching the cell
surface.

DISCUSSION

We began this study to determine whether the N terminus of
gH2 (amino acids 19 to 38) contained a functional domain, as
our previous work showed that the binding of MAbs to this

region inhibited function in terms of entry, fusion, and cell-cell
spread (4). A most interesting result was the discovery that the
removal of amino acids 19 to 47 allowed gH2 to traffic to the
cell surface without the need for gL coexpression and binding.
However, this protein did not support cell-cell fusion or virus
entry unless coexpressed with gL, thereby separating the trans-
port of gH from its function. Four specific amino acids within
this region, R39A, Y41A, W42A, and D44, seem to be impor-
tant in modulating gH transport. Interestingly, gH2�48 differs
structurally from the complex of gH2�48 with gL, as detected
by a panel of gH2 MAbs. Some epitopes that are normally
hidden in WT gH2/gL or gH2�48/gL become exposed on the
mutant protein expressed in the absence of gL, and others that
are normally exposed in the functional complexes are hidden.
Thus, our data suggest that gL does more than escort gH to the
surface; it also plays a role in determining a functional gH
structure.

gL-independent gH trafficking. It is well established that for
HSV and most other herpesviruses, transport, cell surface ex-
pression, and incorporation of gH into the virion envelope
require the formation of a complex with gL (8, 22, 34, 35). gH
expressed in the absence of gL remains trapped in the ER (9,
19, 25, 37). However, there have been several instances re-
ported in the literature in which mutant forms of gH or gL
form a complex yet are still not transported to the cell surface

FIG. 7. Mutants spanning gH2 residues 48 to 72 are tested for function. (A) gH-null virus complementation (top) was performed as described
in Materials and Methods. The percent WT was calculated as follows: (sample titer/WT titer) � 100. The quantitative cell-cell fusion assay
(bottom) was performed as described for Fig. 4. Each sample was assayed in at least three separate experiments, and the average values (with error
bars representing standard errors) are plotted on the graph. A black horizontal line denotes 20% WT levels of fusion, the threshold for observing
syncytia. (B) Observation of syncytium formation. C10 cells were transfected with plasmids expressing gB2, gD2, and gL2 plus gH2-WT, mutant
gH2, or empty vector DNA. Cells were then fixed with methanol and stained with Giemsa. Prominent syncytia are denoted by white arrows.
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(2, 3, 25). Therefore, it appears that gH transport requires
more than transport signals provided by gL.

We hypothesize that WT gH2 contains a unique ER reten-
tion signal that is exposed when gH2 is expressed alone but is
hidden or deactivated upon gL binding; this in turn allows the
transport of the complex through the Golgi and to the matur-
ing virion and cell surface. The ER retention signals of both
the �-aminobutyric acid neurotransmitter receptor and the
asialoglycoprotein receptor are deactivated in this manner (29,
40). The region of gH2 between residues 29 and 47 does not
resemble any known ER retention signals. However, several
residues in this region of gH (leucine, arginine, and tyrosine)
are commonly found in such signals (7, 29, 40). The pheno-
types of several gH2 mutants highlighted potential key residues
(R39, Y41, W42, and D44) that may be part of a unique ER
retention signal. These single amino acid changes allowed for
gH2 surface expression in the absence of gL (Fig. 6), although
expression levels were not as high as when gL was present or
the full region (residues 19 to 47) was deleted (Fig. 3).

We started this study with four N-terminal deletion mutants:
the gH2�29 (removing residues 19 to 28), gH2�48 (removing
residues 19 to 47), gH2�64 (removing residues 19 to 63), and
gH2�72 (removing residues 19 to 71) mutants. Since the
gH2�29 mutant required gL for trafficking but the gH2�48
mutant did not, we deduced that the region encompassing
residues 29 to 47 contained at least part of a putative ER
retention signal (this region is also deleted in the gH2�64 and
gH2�72 mutants). The fact that gH2 mutants containing in-
ternal deletions of residues 48 to 71 and 48 to 63 permitted
gL-independent gH trafficking, while a mutant deleting resi-
dues 62 to 72 did not (Table 1), suggested that residues be-

tween positions 48 and 61 could also be important for traf-
ficking. Alternatively, the phenotypes of the gH2�48-71 and
gH2�48-63 mutants could be explained by a secondary effect
of introducing a deletion so close to the residues we found
to be important for trafficking (between amino acids 39 and
44) (Fig. 6).

To determine whether this region contained a retention
signal that would work for other proteins, we appended resi-
dues 1 to 66 of gH2 (containing the potential signal) to the N
terminus of gD. However, this gHgD chimeric protein was
expressed on the cell surface just as efficiently as gD-WT (data
not shown). One possibility is that the signal, as attached to the
N terminus of gD, was not in the proper position to function.
Several of the known ER retention signals are position specific
(32, 40, 43). Another possibility is that WT gD contains a
dominant “export” signal that the N-terminal region of gH2 is
not able to overcome. Even so, our results provide a plausible
explanation for how gL functions as a chaperone to help escort
the gH/gL complex to its proper location.

Would an N-terminal truncation also enable gH1 to be
transported without gL coexpression and binding? We found
that the equivalent HSV-1 mutant (gH1�48) did not behave
the same way as gH2�48; gH1�48, like WT gH1, still required
gL for transport to the cell surface (data not shown). Perhaps
the residues of gH1 that play the retention role are different
from those we have uncovered for gH2. Among herpesviruses,
the N terminus of gH is less conserved than the C terminus and
MAbs generated to this region in HSV gH are type specific (4).
The assumption is often made that gH1and gH2, being 80%
identical, would be functionally and structurally the same. In-
deed, gH1-WT is able to bind and form a functional complex

FIG. 8. Mutant gH2-L72A/gL is structurally altered compared to gH-WT/gL. (A) C10 cells were transfected and processed for a cell surface
immunofluorescence assay as described for Fig. 3. Cells were stained with both the PAb R176 (green) (left) and the anti-gL2 MAb CHL39 (red)
(middle). For detection by the conformation-dependent MAb CHL2 (red) (right), the cells were first incubated with the MAb and then subjected
to fixation with 3% PFA. (B) Western blot analysis of gH2-WT and the L72A mutant with or without gL2 by using cell lysates of transfected C10
cells. Blots were probed with the anti-gH2/gL2 PAb R176. gH, when coexpressed with gL and then separated on a denaturing gel, runs as a
higher-molecular-weight species (top arrowhead) than gH expressed alone (8, 22, 39).

VOL. 81, 2007 HSV-2 gH N-TERMINAL MUTANTS TRAFFIC WITHOUT gL 5109



with gL2 and vice versa (3, 31). However, several regions of
gH1 and gH2 appear to be functionally and structurally distinct
(3, 4). gH2 does not have a predicted coiled-coil in the region
corresponding to the putative coiled-coil region of gH1 (16,
28). Furthermore, we found structural differences between
gH1 and gH2 between cysteines 2 and 4 (residues 258 to 429)
(3) in spite of the overall homology of the two proteins.

Role of gL in entry/fusion. gL has positional and functional
homologues among herpesviruses, but the various forms of gL
have little sequence homology. Whether other gL proteins
function merely as gH chaperones or whether they have their
own function in virus entry and fusion is not clear. In the case
of pseudorabies virus (PrV), it appears that gL normally func-
tions only as a gH chaperone, since a gDgH chimera functions
independent of gL (24). However, the WT gH protein of PrV,
which can be transported in the absence of gL, is nonfunctional
without gL coexpression (23). The phenotype of WT PrV gH
resembles that of gH2�48 but not that of gH2-WT.

Although gH2�48 was functional when coexpressed with gL,
it did not function if gL was provided in trans by a transient
transfection of target cells (data not shown). Since gL is
thought to be necessary for the folding of a functional gH/gL
molecule, we hypothesized that gH2�48 alone never achieves
this “functional conformation.” To test this possibility, we probed
the structure of surface-expressed gH2-WT/gL, gH2�48/gL, and
gH2�48 with MAbs and found that the three molecules pre-
sented sites III (residues 73 to 92), VI (residues 352 to 371), VII
(residues 532 to 542), and VIII (residues 676 to 686) differently
(Fig. 5B). These data suggest that gH2�48 is structurally different
from either gH2-WT/gL or gH2�48/gL, in turn implying that gL
coexpression and binding are important for gH2 folding and func-
tion.

L66 and L72 are key residues within gH2. MAbs that bind
residues 19 to 38 block gH/gL function, but deletion of this
region has no discernible effect on function, as tested by fusion
and complementation assays. It could be that binding of the
MAbs results in steric hindrance to an important nearby func-
tional domain, although those proposed for gH1 lie well down-
stream of residues 19 to 38 in the linear sequence (Fig. 1).
Another possibility is that MAb binding prevents a conforma-
tional change needed for complex function. Structural data are
needed to resolve this puzzle.

We found that deletions between residues 48 and 72, just
downstream of the group I MAb site, were detrimental to
gH/gL function. Two mutants in this region stand out: the
L66A mutant, which was reduced in function, and the L72A
mutant, which was nonfunctional (Table 1). It is interesting
that the residue directly neighboring L72 (E71) could be mu-
tated to alanine (a more drastic change than the L72A muta-
tion) without inhibiting protein function or structure. Also, the
N-linked glycosylation site that borders L72 is not important
for gH2 function, as the T75A mutant showed only a modest
reduction in function.

Both L66 and L72 are located outside predicted gH1 func-
tional domains (Fig. 1), which include a hypothetical fusion
peptide at amino acids 377 to 397 and heptad repeat regions
HR-1 and HR-2 at residues 443 to 471 and 556 to 585, respec-
tively (16–18). Fusogenic peptides (12, 15) also fall well down-
stream of residues 64 to 75. To date, the gH N terminus has not

been very well characterized, but gL seems to bind within
residues 19 to 323 (2, 35, 45).

Mutant gH2-L66A, which was reduced in function, bound
the conformation-dependent MAb CHL2 only under certain
conditions. For example, if cells were fixed with PFA prior to
CHL2 binding, gH2-L66A/gL was no longer recognized by the
antibody (data not shown). In contrast, when gH2-L66A/gL
was incubated with CHL2 prior to fixation, the MAb reacted
with the mutant complex (Fig. 8A); fixation had no effect on
CHL2 binding to gH2-WT/gL. In fact, all of the nonfunctional
deletion mutants exhibited this sensitivity to fixation (Table 1),
suggesting an inherent structural instability in these proteins.

Mutant gH2-L72A was the only point mutant in our collec-
tion that had no detectable fusogenic activity, failed to com-
plement the gH-null virus, and was not recognized by CHL2
(Fig. 7 to 8 and Table 1). What is the role of L72 in the gH2
molecule? That gH2-L72A/gL was unable to bind MAb CHL2
suggests a structural alteration, as does the lack of mature
gH/gL proteins when this mutant was analyzed by Western
blotting (Fig. 8). Moreover, we were unable to detect gL in
complex with gH2-L72A. It is unlikely that L72 is involved
directly in gL binding since this residue can be deleted in the
context of the mutant gH2�62-72 with no effect on gL binding.
Alternatively, the L72A mutant might be directly involved in
gH2 function, although overlapping synthetic peptides corre-
sponding to the region surrounding the L72A mutation were
unable to block HSV-2 entry (data not shown). Further studies
need to be done to understand the role played by L72 and L66
in the structure and function of gH.
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