
JOURNAL OF VIROLOGY, Jan. 2008, p. 700–709 Vol. 82, No. 2
0022-538X/08/$08.00�0 doi:10.1128/JVI.02192-07
Copyright © 2008, American Society for Microbiology. All Rights Reserved.

Engineered Disulfide Bonds in Herpes Simplex Virus Type 1 gD
Separate Receptor Binding from Fusion Initiation

and Viral Entry�

Eric Lazear,1* Andrea Carfi,4 J. Charles Whitbeck,1 Tina M. Cairns,1 Claude Krummenacher,2
Gary H. Cohen,1 and Roselyn J. Eisenberg3

Department of Microbiology1 and of Biochemistry,2 School of Dental Medicine, and Department of Pathobiology,3 School of
Veterinary Medicine, University of Pennsylvania, Philadelphia, Pennsylvania 19104, and Department of Biochemistry,

IRBM P Angeletti, I-00040 Pomezia (Rome), Italy4

Received 5 October 2007/Accepted 1 November 2007

Glycoprotein D (gD) is the receptor binding protein of herpes simplex virus (HSV) and binds to at least two
distinct protein receptors, herpesvirus entry mediator (HVEM) and nectin-1. While both receptor binding
regions are found within the first 234 amino acids, a crystal structure shows that the C terminus of the gD
ectodomain normally occludes the receptor binding sites. Receptor binding must therefore displace the C
terminus, and this conformational change is postulated to be required for inducing fusion via gB and gH/gL.
When cysteine residues are introduced at positions 37 and 302 of gD, a disulfide bond is formed that stabilizes
the C terminus and prevents binding to either receptor. We speculated that if disulfide bonds were engineered
further upstream, receptor binding might be separated from the induction of fusion. To test this, we made five
additional double cysteine mutants, each potentially introducing a disulfide bond between the ectodomain C
terminus and the core of the gD ectodomain. The two mutants predicted to impose the greatest constraint were
unable to bind receptors or mediate cell-cell fusion. However, the three mutants with the most flexible C
terminus bound well to both HVEM and nectin-1. Two of these mutants were impaired in cell-cell fusion and
null-virus complementation. Importantly, a third mutant in this group was nonfunctional in both assays. This
mutant clearly separates the role of gD in triggering fusion from its role in receptor binding. Based upon the
properties of the panel of mutants we conclude that fusion requires greater flexibility of the gD ectodomain C
terminus than does receptor binding.

Herpes simplex virus (HSV) is a human pathogen that in-
fects epithelial cells before spreading to the peripheral nervous
system to establish a lifelong latent infection. Herpesviruses
are enveloped viruses and must therefore fuse their membrane
with a cellular membrane to establish infection.

The first essential step in viral entry is the binding to a
cellular receptor. The HSV receptor binding protein gD rec-
ognizes at least three distinct receptors: nectin-1, which is a
member of the immunoglobulin (Ig) superfamily; herpesvirus
entry mediator (HVEM), which is a member of the tumor
necrosis factor receptor family; and specific sulfate-modified
forms of the glycan heparan sulfate (33). In this report we
focused on the interaction of gD with nectin-1 and HVEM.

Once gD binds a receptor, fusion is carried out by three
other viral glycoproteins: gB and the heterodimer gH/gL (33,
34). Recent evidence suggests that gD interacts with gH to
form a hemifusion intermediate that is resolved into full fusion
by gB (35). Initiation of either full fusion or hemifusion may
occur via a profusion domain, a region of gD which is not
involved in receptor binding but is required for viral membrane
fusion (5). The profusion domain is comprised of residues 260
to 285 and was of particular interest because gD truncated at

260 could not rescue infectivity, while gD truncated at 285
could. This led to the hypothesis that residues 260 to 285
contact gB and/or gH/gL (5). However, deletions within resi-
dues 255 to 299 did not completely abolish cell-cell fusion (41).
These observations suggested that the C terminus of the gD
ectodomain (residues 259 to 316) is important for triggering
fusion by gB and gH/gL but did not resolve whether a specific
region of gD is required (5, 41).

To reveal the structure of the C terminus of the gD ectodo-
main, a cysteine residue was engineered after amino acid 306
(3, 19), resulting in a 307C-307C disulfide-linked gD dimer
molecule and stabilization of the intrinsically flexible C-termi-
nal region which was not solved in previous structures (19).
This crystal structure revealed that the C-terminal portion of
the ectodomain, hereafter referred to as the gD C terminus,
occupies the same space as the N-terminal hairpin loop formed
when gD binds HVEM (2, 3, 19). Moreover, the C terminus
lies directly on top of residues important for nectin-1 binding
(Fig. 1B) (7, 22). We therefore postulated that movement of
the C terminus of gD is required for receptor binding, rather
than being the result of this event (19). We further hypothe-
sized that this conformational change triggers downstream
events.

Indeed, deletion of residues 290 to 299, mutation of residue
W294 to alanine, or truncation of gD to residue 285 increases
the affinity of gD for receptors (19, 28, 32). The higher affinity
for these gD truncations/mutations is due to a higher “on” rate,
which is increased over that of wild-type (WT) gD by either
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completely removing or destabilizing the interaction of the C
terminus with the core, the latter being defined here as resi-
dues 37 to 259. Furthermore, gD containing two engineered
cysteine residues at positions 37 and 302 forms an additional
disulfide bond and this protein is unable to bind either HVEM
or nectin-1 (19). A crystal structure confirmed that this disul-
fide bond constrained the entire C terminus by locking the
most membrane-proximal portion of the C terminus to the gD
core (Fig. 1) (19).

These two sets of mutations represent two extreme situa-
tions: increased flexibility of the C terminus or positional con-
straint of the entire C terminus. Here we made five additional
double cysteine mutants each predicted to form a disulfide
bond. The positions of these cysteines were chosen to constrain
different portions of the ectodomain C terminus (Fig. 1C). In
addition, these mutants were designed to determine if we could
separate receptor binding by gD from its postulated function in
triggering fusion. This type of mutagenesis has proven success-
ful in the past (7, 19), and it has been shown that formation of
disulfide bonds is determined by protein folding and not vice
versa (1, 11, 12, 16).

Of the five double cysteine mutants that we constructed two
mutants were unable to bind either receptor. In contrast, the
other three mutants bound both receptors but were impaired
or not functional in cell-cell fusion and null-virus complemen-
tation assays. The identification of a mutant that binds recep-
tor(s) but cannot trigger fusion is of critical importance in
identifying and segregating the steps that occur post-receptor
binding.

MATERIALS AND METHODS

Cells and viruses. 293T cells were grown in Dulbecco’s minimal essential
medium (DMEM) supplemented with 10% fetal calf serum (FCS). CHO-K1
cells were grown in Ham’s F-12 medium supplemented with 10% FCS. Vero and
VD60 cells (21) were grown in DMEM supplemented with 5% FCS.

The gD-null virus, HSV-1 KOS-gD�, carries lacZ in place of the coding region
for gD under the control of the gD promoter (10). It was propagated and its titers
were determined on VD60 cells as described previously (21).

Antibodies. Rabbit polyclonal antibody (PAb) R8 was raised against HSV type
2 (HSV-2) gD and cross-reacts with HSV-1 gD (17). Anti-gD monoclonal anti-
bodies (MAbs) used in this study include 1D3 (13), which binds residues 11 to 19,
as well as DL2 (6), DL11 (6, 25), AP7 (4, 24), and LP2 (24), which recognize
discontinuous epitopes.

FIG. 1. Cysteine pairs modeled on gD structure. (A) Model showing each pair of cysteines and the resulting disulfide bonds (black), located
on a ribbon diagram of gD (15). (B) The C terminus of the ectodomain (red ribbon) fits into a groove formed by gD (gray space filled). The C
terminus blocks access to residues critical for nectin-1 binding (blue-shaded surface). The profusion domain is defined as residues 260 to 285.
(C) Model illustrating the hypothetical range of restraint on conformational changes to the ectodomain C terminus (red) imposed by the disulfide
bonds (black). The gray ball represents residues 1 to 255. The red hatched region of the C terminus corresponds to the unresolved region of the
gD crystal structure, residues 256 to 268.
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Construction of mutant gD molecules. The plasmid pSC390 encodes full-
length gD from HSV-1(KOS) in the pcDNA3.1 vector (8). We generated gD
mutants using the QuikChange site-directed mutagenesis kit (Stratagene Cloning
Systems), as previously described (9). Mutations were made using the pSC390
plasmid as a template, and newly generated plasmids are as follows: pEL721 for
H242C-E274C, pEL722 for K190C-A277C, pEL723 for S188C-L279C, pEL724
for A239C-V286C, pEL725 for P288C-S140C, pEL757 for H242C, pEL758 for
E274C, pEL759 for K190C, and pEL760 for A277C. The plasmid for the V37C-
A302C mutation is pDL485 and was previously described (19).

Immunoprecipitation. 293T cells were transfected with the desired plasmids
using GenePorter according to the manufacturer’s protocol (Gene Therapy
Systems, Inc.). At 24 h posttransfection, cells were lysed in a buffer consisting of
10 mM Tris, pH 8, 150 mM NaCl, 10 mM EDTA, 1% NP-40, 0.5% deoxycholic
acid, and 1 mM phenylmethylsulfonyl fluoride. Typically, 1% of the total cell
extract (from a six-well plate) was incubated with 10 �g/ml of antibody for 2 h at
4°C. Proteins were precipitated with protein A agarose beads (Gibco BRL) for
2 h at 4°C, washed twice with lysis buffer, separated by electrophoresis on a 10%
sodium dodecyl sulfate (SDS)-polyacrylamide gel, and detected by Western
blotting with gD PAb R8.

Enzyme-linked immunosorbent assay (ELISA). 293T cells growing in 12-well
plates were transfected with the gD plasmids or empty vector, using 2 �g of
DNA/well and 10 �l of GenePorter/well for 3 h followed by addition of an equal
volume of DMEM containing 20% FCS. Cells were incubated overnight at 37°C
and then harvested in extraction buffer (10 mM Tris, pH 8, 150 mM NaCl, 10 mM
EDTA, 1% NP-40, 0.5% sodium deoxycholate, 1 mM phenylmethylsulfonyl
fluoride).

We used a capture ELISA to normalize the amount of gD in the 293T extracts
as previously described (8). Briefly, ELISA plates were coated with 1D3 IgG
(overnight at 4°C) and then blocked with PBS-milk (phosphate-buffered saline
[PBS] containing 5% nonfat dry milk and 0.2% Tween 20) for 1 h. Dilutions of
cell extracts containing gD were made in PBS-milk and added for 1 h at room
temperature (RT). Captured gD was detected with PAb R8 IgG followed by goat
anti-rabbit antibody coupled to horseradish peroxidase. Plates were rinsed with
20 mM citrate buffer (pH 4.5), 2,2�-azinobis(3-ethylbenzthiazolinesulfonic acid)
(ABTS) peroxidase substrate was added, and the absorbance at 405 nm was
recorded using a microtiter plate reader. The level of gD in each extract was
normalized by dilution in extraction buffer.

To assess receptor binding of the gD mutants, ELISA plates were coated
overnight with soluble receptors [5 �g of HVEM(200t)/ml, 10 �g of nectin-
1(346t)/ml] (18, 38), blocked with PBS-milk for 1 h, and then incubated for 1 h
at RT with normalized cell extracts. Bound gD was detected as described above
(7–9). This assay was repeated at least three times for each form of gD.

CELISA. To determine the amount of gD on cells used in the fusion assay, we
used a previously described cell-based ELISA (CELISA) (8, 14, 23). One 96-well
plate of CHO-K1 cells was transfected with the same mixture used to transfect
the glycoprotein-expressing cells used in the luciferase fusion assay (see below).
After 5 h of incubation at 37°C, medium was added to each well and the cells
were incubated at 37°C for 18 to 20 h. The medium was removed, and cells were
then incubated with PAb R8 serum diluted (1:1,000) in 3% bovine serum albu-
min-PBS�� (PBS containing 0.9 mM CaCl2 and 0.5 mM MgCl2) for 1 h at RT.
Cells were rinsed three times with PBS�� and fixed in 3% paraformaldehyde for
CELISA. The cells were again rinsed with PBS�� three times and incubated for
1 h at RT with goat anti-rabbit antibody coupled to horseradish peroxidase.
Following another three PBS�� washes, cells were rinsed with 20 mM citrate
buffer (pH 4.5). ABTS peroxidase substrate (Moss, Inc.) was added, and the
absorbance at 405 nm was recorded using a microtiter plate reader.

Quantitative fusion assay. To detect cell-cell fusion, we used a luciferase
reporter assay (8, 29, 30). Briefly, CHO-K1 cells were grown in 24-well plates and
transfected with plasmids encoding T7 RNA polymerase (pCAGT7), gB
(pPEP98), gH (pPEP100), and gL (pPEP101) and one of the gD plasmids. To
prepare receptor-expressing cells, CHO-K1 cells growing in six-well plates were
transfected with a plasmid encoding the firefly luciferase gene under control of
the T7 promoter (pT7EMCLuc) and a plasmid encoding either nectin-1
(pBG38) or HVEM (pSC386). After 5 h at 37°C, the transfection mixes were
replaced with fresh medium. After 1 h of incubation at 37°C, receptor-expressing
cells were trypsinized, added to the glycoprotein-expressing cells, and incubated
at 37°C. At 18 to 20 h postcocultivation, cells were washed with PBS, lysed in
reporter lysis buffer (luciferase assay system; Promega), and frozen. To measure
the extent of fusion, samples were mixed with luciferase substrate (Promega) and
immediately assayed for light output using a Synergy 2 system (BioTek). Plas-
mids pBG38, pT7EMCLuc, pCAGT7, pPEP98, pPEP100, and pPEP101 were
gifts of P. Spear (15, 29, 30). This assay was repeated at least three times for each
mutant.

Complementation assay. L cells grown in 12-well plates were transfected with
WT (pSC390), vector (pCDNA3.1), or mutant gD plasmids. After 3 h, cells were
infected with HSV-1 KOS-gD� at a multiplicity of infection of 5. The virus
contains the lacZ gene in place of the gene for gD. After 1 h at 37°C, the medium
was removed and extracellular virus was inactivated by a 1-min exposure to
sodium citrate buffer at pH 3.0. Fresh medium was added, and the cells were
incubated at 37°C overnight. At 18 h postinfection, cells were subjected to two
freeze-thaw cycles.

Titers of complemented virions were determined on both Vero and VD60 cells
grown in 24-well plates. VD60 cells contain copies of the entire WT gD gene
including its own promoter. Therefore, these cells will express WT gD only upon
successful entry of the complemented virus. Expression of WT gD from the
infected VD60 cells allows the gD-null virus to propagate and form plaques
between cells. After the virus-cell mixture was incubated with cells for 1 h at
37°C, the monolayers were overlaid with DMEM containing 1% methylcellulose
and 2% FCS. Between 42 and 72 h cells were fixed with 5% formaldehyde in PBS
and stained with 0.1% crystal violet.

RESULTS

Construction of gD cysteine mutants. In order to determine
which gD residues to mutate to cysteine, we located pairs of
residues on the C terminus and core of gD that could poten-
tially form disulfide bonds by using the crystal structure of gD
306 (307C) as a guide (19). We took care not to mutate resi-
dues known to be involved in receptor binding or gD glycosy-
lation and designed disulfide bonds that would limit the mo-
bility of different proportions of the C terminus (Fig. 1C) (7, 8,
22). This approach yielded five potential cysteine pairs:
H242C-E274C, K190C-A277C, S188C-L279C, A239C-V286C,
and S140C-P288C (Fig. 1A). Each pair was numbered 1
through 5, respectively. The mutant from our previous study
(19), gD A37C-V302C, was included in this study and is num-
bered 6.

The positions of the potential disulfide bonds are modeled
on a crystal structure of gD (Fig. 1A). The C terminus of gD
fits into a groove created by the gD core (Fig. 1B). Each of
these disulfide bonds should impose different degrees of con-
straint on the gD C terminus and presumably limit the confor-
mational change(s) required for receptor binding, for trigger-
ing later events, or both (Fig. 1C). The disulfide bond on the C
terminus of mutant 6 is the most limiting in this regard, and we
already know that this bond prevents receptor binding and
thereby ablates entry (19). The positions of the other disulfide
bonds should impose less constraint on the C terminus and
potentially restrict the exposure of different functional regions
of gD (Fig. 1C).

Characterization of gD mutants. Initially, we asked
whether the engineered disulfide bond was formed in each
full-length gD mutant. Proteins from lysates of transfected
293T cells were separated by SDS-polyacrylamide gel elec-
trophoresis under denaturing and reducing conditions, and
Western blot assays were performed with gD PAb R8. Un-
der these conditions the mutant proteins migrated to the
same position as did the WT gD (Fig. 2A). However, when
the proteins were electrophoresed under denaturing and
nonreducing conditions, which leave disulfide bonds intact,
each of the mutant proteins migrated further in the gel than
did WT gD (Fig. 2B). This suggests that each mutant protein
is more compact, consistent with an additional disulfide
bond that constrains the flexible C terminus. The increased
migration of mutant 6 was seen in a truncated version of this
mutant in our previous study, and X-ray crystallography
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confirmed the presence of the disulfide bond between resi-
dues 37 and 302 (19).

The presence of an additional disulfide bond in any of the
gD mutants could have a deleterious effect on the overall
conformation of gD. To exclude this possibility, we probed
each protein with MAbs to distinct epitopes that are located
at different sites on gD (6). First we determined the relative
amounts of gD in the cell lysates from transfected 293T cells
by capture ELISA with MAb 1D3 (data not shown). This
MAb recognizes a linear epitope near the N terminus and
therefore was used to normalize the amount of gD in each
lysate. Normalized amounts of lysate were immunoprecipi-
tated with each MAb and electrophoresed under denaturing
and reducing conditions, and then Western blotting was
performed with gD PAb R8 (Fig. 3). The epitope of MAb
AP7 consists of portions of the N and C termini of the
ectodomain and is a good indicator of proper folding of the
N and C termini (4, 24). All six mutants retained this
epitope. All of the mutants were also immunoprecipitated
by DL2, which recognizes a discontinuous epitope that does
not interfere with receptor binding (6). MAbs LP2 and
DL11 recognize distinct epitopes near the binding site of
nectin-1 (7). All mutants were recognized by LP2.

MAb DL11 is highly neutralizing and blocks binding of gD
to both receptors (27, 37). As such, DL11 binding is strongly
predictive of receptor binding (7). Mutants 1 and 2 reacted as
well as WT gD did with DL11, while mutant 3 reacted weakly.
Mutants 4, 5, and 6 did not appear to be immunoprecipitated
by DL11. Since mutants 1, 2, and 3 reacted with all of the
MAbs, we conclude that they were properly folded. Mutants 4,
5, and 6 react with all MAbs except DL11. Since DL11 com-
petes with both HVEM and nectin-1 for receptor binding, the
DL11 epitope could be masked by the locked C terminus. The
loss of DL11 reactivity suggests that mutants 4, 5, and 6 will not
bind receptor (19).

Binding of gD mutants to receptors. To test each protein for
receptor binding, the level of gD in each lysate was again
normalized by capture ELISA with MAb 1D3 (data not
shown). We normalized the gD lysates so that differences in
protein expression would not account for differences in bind-
ing. The normalized gD lysates were serially diluted before
being added to ELISA plates coated with purified receptor.
Lysate from vector-transfected cells did not bind to either
receptor, and the minimal absorbance from this lysate has been
subtracted from all gDs.

Mutants 1, 2, and 3 bound both HVEM and nectin-1 (Fig.
4), while mutants 4 and 5 did not bind to either receptor.
This indicates that the constraints imposed by the disulfide
bonds in mutants 4 and 5 completely block receptor binding,
while the disulfide bonds in mutants 1, 2, and 3 do not
constrain the gD C terminus sufficiently to inhibit receptor
binding. Mutant 6 bound weakly to both nectin-1 and
HVEM. This result differs from that seen with a soluble
truncated version of mutant 6, which failed to bind either
receptor (19). One explanation for this minimal binding is
that a fraction of mutant 6 might not have formed the
disulfide bond in the context of full-length gD.

Disulfide bond formation of mutant 6 (V37C-A302C). In our
previous study (19), a soluble truncated form of mutant 6 did
not bind HVEM or nectin-1, by either ELISA or optical bio-
sensor analysis. In that study, the ectodomain of gD was ex-
pressed in insect cells by a baculovirus and both mass spec-
trometry analysis and a crystal structure of the protein gD 316t
(37C-302C) confirmed the presence of the predicted disulfide
bond. In the present study each double mutation was engi-
neered into the gene for full-length gD and the protein was
expressed in mammalian cells. We considered the possibility
that the proximity of A302C to the transmembrane domain led

FIG. 2. Western blot analysis of gD disulfide mutants. The lanes
are numbered according to the number designating each mutant, with
WT and V denoting WT gD and vector-transfected cell lysates, re-
spectively. (A) Samples were boiled for 5 min in 2% SDS buffer
containing 100 mM dithiothreitol and electrophoresed in 10% poly-
acrylamide gels. (B) Samples were boiled in SDS buffer lacking the
reducing agent dithiothreitol. The dotted line corresponds to the front
of migration of WT gD. Blots were probed with gD PAb R8.

FIG. 3. Western blot of immunoprecipitated gD disulfide mutants
with MAbs. Protein was immunoprecipitated from lysates of trans-
fected cells by 10 �g/ml of the indicated MAb, gD-MAb complexes
were captured with protein A-conjugated Sepharose beads and elec-
trophoresed under denaturing and reducing conditions, and Western
blot assays were performed with gD PAb R8. MAb 1D3 recognizes
residues 11 to 19 on gD and detects all forms of gD. AP7, DL2, LP2,
and DL11 each recognize distinct conformational epitopes. V, vector-
transfected cells.
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to inefficient disulfide bonding, enabling a proportion of the
protein to bind receptors.

Since the DL11 epitope overlaps the binding site for both
receptors, we reevaluated the ability of full-length mutant 6 to
be recognized by this MAb (7, 18, 27, 37). The soluble, trun-
cated form of mutant 6 is not recognized by DL11, because the
locked C terminus masks the DL11 epitope (19). We reasoned
that, if a fraction of the full-length mutant 6 was not disulfide
bonded, that form would be recognized by DL11. To address
this, we repeated the immunoprecipitation assay with DL11 for
mutants 3, 5, and 6 and WT gD (Fig. 5). Once again we used
1D3 as the control MAb and deliberately overexposed the
Western blot to detect small amounts of protein. As expected

WT gD was immunoprecipitated by DL11, as was mutant 3. In
contrast, mutant 5, which did not bind either receptor, was not
immunoprecipitated by DL11. Finally, mutant 6 was immuno-
precipitated by 1D3, but a small fraction of the total mutant 6
protein was immunoprecipitated by DL11. A similar propor-
tion of mutant 6 was immunoprecipitated by DL11 from trans-
fected CHO-K1 cells, showing that this effect is cell type inde-
pendent (data not shown). We believe that this small fraction
of the total protein that binds DL11 is not disulfide bonded and
accounts for the weak binding of mutant 6 to receptors (Fig. 4).
As a result of these experiments, it appears that mutants 1 to
5 are completely bonded while mutant 6 is a mixture of bonded
and nonbonded protein.

Ability of gD mutants to induce cell-cell fusion. We used a
cell-cell fusion assay to determine which cysteine mutants were
capable of triggering fusion (30). We first tested whether the
cysteine mutants were expressed on the surface of CHO-K1
cells. The level of expression of each mutant protein was mea-
sured using a CELISA and is shown as the percentage of that
expressed by cells transfected with WT gD (Fig. 6A). Mutants
1, 2, and 4 were expressed at between 40 and 60% of the WT
level. Mutants 3, 5, and 6 were expressed at approximately 80%
of the amount of WT gD. Cells were transfected with plasmid
DNA at a fourfold excess over the amount of DNA needed for
maximum fusion to ensure that differences in cell surface ex-
pression do not account for differences in fusion activity. Thus,
all mutants were expressed on the cell surface and could be
directly compared for fusion.

For the fusion assay (30), one set of CHO-K1 cells were
transfected with plasmids for gB, gH, gL, T7 RNA polymerase,
and WT or mutant gD. A second set of CHO-K1 cells was
transfected with a plasmid encoding luciferase under the con-
trol of the T7 promoter, along with plasmids encoding either
nectin-1 or HVEM. The receptor-expressing CHO-K1 cells
were then seeded onto the glycoprotein-expressing CHO-K1
cells. Fusion was measured by the amount of light generated by
luciferase activity with a fluorescent substrate. As a negative
control, vector plasmid was transfected with gB, gH, gL, and
T7 RNA polymerase and the minimal luciferase activity was
subtracted from all other conditions.

First, each mutant gD triggered the same relative amount of
fusion on HVEM-expressing cells as it did on nectin-1-express-
ing cells, indicating that there is no receptor-specific difference
(Fig. 6B). Second, the amount of fusion depended on the
particular mutant. Thus, mutant 1 induced fusion at approxi-

FIG. 4. Binding of gD mutant proteins to nectin-1 and HVEM. The
amount of gD from transfected 293T cells was first quantitated by
capture ELISA with the MAb 1D3. The lysates were then diluted to
normalize the amount of gD in each lysate, serially diluted twofold,
and incubated with purified receptor adhered to the ELISA plate. gD
was then detected with the PAb R8. Binding data are the averages of
at least three independent experiments and are representative of the
results seen in each individual experiment.

FIG. 5. Immunoprecipitation of gD mutants with MAb DL11. Im-
munoprecipitations were performed as described for Fig. 3. The blot
was overexposed to show less abundant bands. The reactivity of the
mutants at a lower exposure is demonstrated in Fig. 3. V, vector-
transfected cells.
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mately 50% and mutant 3 induced fusion at 60% of the WT gD
level. Importantly, mutant 2 failed to induce fusion despite its
ability to bind to both receptors. This is the first example that
we have found of a properly folded, full-length HSV-1 gD that

binds receptors but fails to trigger cell fusion. Mutants 4 and 5,
which did not bind either receptor, did not trigger fusion.
Mutant 6 induced 50% fusion, despite weak binding to both
receptors (Fig. 4).

The cells used in the luciferase fusion assay are normally
transfected with an excess of DNA to ensure high levels of
protein expression. In light of the unexpectedly high level of
fusion observed with mutant 6, we wondered whether these
conditions enabled the small fraction of unbonded mutant 6
protein (Fig. 5) to cause significant fusion. To test this
possibility, we titrated the gD DNA in the cell-cell fusion
assay while maintaining the concentrations of the other plas-
mids at the same level as in Fig. 6B. For WT gD, fusion
increased with increasing DNA, reaching a maximum at 50
ng/well DNA (Fig. 6C). For mutant 6 the amount of fusion
was significantly reduced at 50 ng/well. Mutant 3 was also
titrated for comparison and, like WT gD, reached saturation
at 50 ng/well. The amount of gD expressed on the cell
surface continued to increase past 50 ng/well, and expres-
sion was equivalent throughout the titration for all gDs
(data not shown). This continual increase in cell surface
expression would allow the small portion of functional gD in
mutant 6 to induce abnormally high fusion. Thus, when gD
protein expression levels are reduced in the fusion assay, the
functional deficit in mutant 6 is obvious and the small
amount of fusion can be reasonably explained by the small
proportion of non-disulfide-bonded protein.

The important conclusion is therefore that mutants 1 and 3
are partially deficient for cell-cell fusion while mutants 2, 4, 5,
and 6 are null.

The effect of cysteine mutations on virus entry. To examine
the phenotypes of the gD mutants in the context of a virion, we
used a standard complementation assay. L cells were first
transfected with the plasmids that encoded WT or mutant gDs
and then infected with the genotypically gD-null virus KOS-
gD� (10). The complemented progeny virions were tested for
their ability to form plaques on VD60 cells. VD60 cells are
Vero cells engineered to express gD under the control of the
gD promoter. Thus, these cells express gD only upon virus
infection (21). The expression of gD in infected VD60 cells
allows plaques to form, and the resulting titers are a measure
of the amount of entry of each complemented virus. Of the six
gD mutants, virions complemented with mutants 1 and 3 res-
cued infectivity at 50% of the level of WT-rescued virions (Fig.
7). Mutants 2, 4, and 5 rescued infectivity at less than 5% of
WT-rescued virus, and mutant 6 complemented virions at 10%
of the WT level.

The failure of mutants 2, 4, and 5 to complement virus
agrees with their inability to induce cell-cell fusion, as well as
the failure of mutants 4 and 5 to bind either receptor (Table 1).
Mutant 1 and mutant 3 complemented virions approximately
as well as they induced fusion. The complementation data for
mutant 6 agree with our previous results (19) and also agree
with the data in Fig. 6C for fusion. Of most importance is the
phenotype of mutant 2 (K190C-A277C). This protein bound
both receptors relatively well but did not function in either
cell-cell fusion or virus entry.

Characterization of single cysteine gD mutants. Mutants 1,
2, and 3 retained the ability to bind receptors but were reduced
or nonfunctional in fusion and null-virus complementation as-

FIG. 6. Surface expression and cell-cell fusion of gD mutants.
CHO-K1 cells were transfected with plasmids expressing a gD mutant and
gB, gH, gL, and T7 RNA polymerase. (A) Cell surface expression of gD
mutants was measured by PAb R8 binding using a CELISA. (B) A second
set of CHO-K1 cells was transfected with plasmids for either HVEM or
nectin, as well as a plasmid for the luciferase gene under the control of the
T7 RNA polymerase promoter. Glycoprotein-expressing and receptor-
expressing cells were mixed, and the resulting luciferase activity was ex-
pressed as the percentage of WT gD luciferase activity minus the back-
ground of the vector control. The results represent the averages of four
independent experiments, with their standard errors shown as error bars.
(C) Titration of fusion activity of WT gD and mutants on HVEM-ex-
pressing cells. The amount of gD plasmid was titrated from 200 ng/well (as
in panel B) to 6.3 ng/well, with constant amounts of plasmids for gB, gH,
gL, and T7 RNA polymerase. Cell surface expression of gD mutants was
equivalent to or higher than that of WT gD at all points (data not shown).
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says. The loss of function for these mutants can be explained
either as a constraint of conformational changes in gD im-
posed by the engineered disulfide bond or, alternatively, as the
mutation of specific amino acids to cysteine. To address this,
we constructed four additional mutants, each containing a sin-
gle cysteine from each pair of cysteines of mutants 1 and 2:
H242C and E274C for mutant 1 and K190C and A277C for
mutant 2.

These single cysteine mutants were characterized in the
same manner as the double cysteine mutants. In contrast to the
latter, the electrophoretic mobility of the single cysteine mu-
tants was similar to that of WT gD under nonreducing condi-
tions (Fig. 8A). Furthermore, all single cysteine mutants bound
both receptors better than their respective double mutants and
at least as well as WT gD (data not shown).

Importantly, all single cysteine mutants had WT activity in
the cell-cell fusion assay, and gD carrying E274C and 277C
complemented the gD-null virus as well as WT (Fig. 8B and C).
Surprisingly, changes at residues 190 and 242 reduced the
ability of these proteins to complement the gD-null virus, de-
spite WT binding and fusion (Fig. 8B and C). Interestingly,
190C and 242C reside on the core of gD while 274C and 277C
are located on the C terminus. Since all four single cysteine
mutants function as well as WT gD in binding receptor(s) and
inducing cell-cell fusion, it seems unlikely that the deficit in
complementation seen with 190C and 242C is due to a direct
effect on gD function. Perhaps the location of these free cys-

teines on the core of gD has an indirect effect in the context of
a virion. One possible interpretation is that the cysteines on
the core negatively affect gD incorporation into the virus.
However, attempts to quantitatively measure gD incorpora-
tion into virus were unsuccessful due to the low yield of
complemented virions and the high gD background from the
infected cells. Nevertheless, we conclude that the engi-
neered disulfide bonds in mutants 1, 2, and 3, rather than
the specific mutations, interfere with the post-receptor-
binding functions of gD.

FIG. 7. Complementation of a gD-null virus by gD mutants. L
cells were transfected to express WT gD or mutants. Transfected
cells were then infected with the gD-null virus KOS-gD�. Cells were
freeze-thawed to release intracellular virus, and the virion-contain-
ing lysates were used to infect the gD-complementing cell line
VD60. The results represent the averages of three independent
experiments, with their standard errors shown as error bars. V,
vector-transfected cells.

TABLE 1. Properties of double cysteine mutants

Mutant
no. Mutation

% of WT gD value

Receptor
bindinga Fusiona Complementation

1 H242C-E274C 96 37 48
2 K190C-A277C 76 3 4
3 S188C-L279C 95 58 53
4 A239C-V286C 0 0 0
5 S140C-P288C 0 1 0
6 A37C-A302C 10 24b 11

a Data are shown for HVEM only; similar results were obtained with nectin-1.
b Fusion relative to WT under low-expression conditions (50 ng/well).

FIG. 8. Characterization of gD single cysteine mutants. (A) West-
ern blot of single cysteine mutants. Samples were boiled for 5 min in
buffer lacking dithiothreitol. The black dashed line corresponds to
migration of WT gD and is used for reference. The blot was probed
with gD PAb R8. (B) Cell-cell fusion with single cysteine mutants.
Cell-cell fusion was performed as described for Fig. 6B. Fusion activity
is the average of five independent experiments, and the error bars
represent the standard errors. (C) Virus complementation with single
cysteine mutants. Complementation was performed as described for
Fig. 7. The results represent the averages of three independent exper-
iments, with their standard errors shown as error bars. V, vector-
transfected cells.
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DISCUSSION

HSVs differ from most viruses because they employ four
different glycoproteins to enter and infect host cells. Since
more proteins are involved, the entry processes of herpesvi-
ruses are likely to involve more protein-protein interactions
than is the case for other viruses. Regardless of the complexity
of the entry process, all viruses must engage their target host
cells specifically, by binding to a receptor. In HSV the function
of receptor binding is carried out by gD. However, because gD
does not itself have the ability to fuse viral and cellular mem-
branes (33) and because both gD and its receptors can function
as soluble proteins (5, 20, 36, 39), its role is clearly more
complex than just to bring the viral and cellular membranes in
apposition.

Comparison of the crystal structure of unliganded gD with
that of gD bound to HVEM indicates that a conformational
change is required in order for receptor binding to occur (3,
19). One aspect of this conformational change must involve the
C-terminal portion of the gD ectodomain because residues 288
to 307 occupy nearly the same position as do residues 1 to 16
of the N-terminal HVEM binding loop following receptor en-
gagement. Identification of gD residues involved in nectin-1
binding suggested that the C-terminal portion of the gD
ectodomain must also be displaced in order to allow nectin-1
binding (7, 22). Additionally, truncation of gD to residue 285
or destabilization of the interaction between the C terminus
and the rest of the gD ectodomain by mutation results in a
significant increase in binding affinity for both HVEM and
nectin-1 (19, 26, 32, 40). Together, these observations support
the hypothesis that the C-terminal portion of the gD ectodo-
main is a negative regulator of receptor binding.

A separate role for the C terminus of gD as a positive
regulator of fusion has also been proposed. This was based on
the observation that a soluble form of gD truncated at residue
285 could complement the infectivity of gD-null virions
whereas gD truncated at residue 260 could not (5). While 10
residue deletions within the C terminus did not reveal any
critical region, chimeras of pseudorabies virus and HSV gD
functioned only when the first 285 residues came from HSV
(41). In an attempt to reconcile the seemingly disparate obser-
vations of this region of gD, it has been proposed that receptor
binding initially displaces the C terminus of gD from its native
position (against the core of gD). Once displaced, a portion of
gD may promote fusion by direct interaction with the down-
stream effectors, gB and/or gH/gL.

Despite our current understanding of gD structure and func-
tion, it remained unclear how much of the C terminus must
move in order for receptor binding to occur and how much
movement is required for fusion activation. In this study, we
used site-directed mutagenesis to generate forms of gD with
two additional cysteine residues. The newly introduced cys-
teine residues were predicted to form disulfide bonds that
would lock the C terminus of gD to the core in six different
places (Fig. 1). The fact that all mutants formed disulfide
bonds to some degree (Fig. 2) validates the crystal structure
used to predict the disulfide bonds (19). However, the impor-
tance of disulfide bond formation for interpretation of our data
is illustrated by mutant 6. A small proportion of this mutant
protein did not form a disulfide bond as evidenced by MAb

DL11 binding (Fig. 5), and this proportion likely accounted for
the minimal binding to receptor, fusion under high expression
conditions, and complementation (Fig. 4, 6B, and 7).

Among our other mutant proteins, we observed two distinct
phenotypes: (i) those without receptor binding, fusion activity,
and virus complementation and (ii) those which retained re-
ceptor binding activity but lost fusion activity and were reduced
in complementation. Locking the C terminus at gD residue
274, 277, or 279 did not interfere with receptor binding but
impaired the ability of the mutants to promote fusion. Recep-
tor binding and fusion activity were both lost when the C
terminus was locked at gD residue 286, 288, or 302. The in-
ability of gD to bind receptors when 286 to 306 are fixed fits
well with the gD crystal structure, since the residues between
286 and 306 cover amino acids involved in nectin-1 binding and
interfere with the formation of the HVEM binding loop (Fig.
1B). Moreover these results are strengthened by the increased
binding seen by truncation of the C terminus to residue 285.
Since receptor binding is critical for gD function, the loss of
receptor binding for mutants 4 and 5 prevents them from
promoting fusion or rescuing gD-null virus infectivity.

Our data suggest that two portions of the C terminus must
move to allow gD function: residues 286 to 306 for binding and
residues at or before residue 279 for fusion. Our cysteine
mutagenesis is limited to the resolved regions of gD crystal
structures, and residues 256 to 268, due to their flexibility, have
not been resolved in any crystal structure to date. Since resi-
dues 256 to 268 are flexible, this region could potentially serve
as a hinge that moves in response to receptor binding. Limiting
the movement of this potential hinge region with disulfide
bonds (mutants 1, 2, and 3) would prevent the exposure of
residues, either on the C terminus or on the gD core, that may
interact with gH/gL or gB. The functional differences between
mutant 2 (complete loss of fusion and complementation) and
mutants 1 and 3 (partial loss of fusion and complementation)
could be due to differences in constraint imposed by the mu-
tants. The constraint imposed by mutants 1 and 3 may lead to
a partial exposure of a profusion domain which could result in
reduced fusion and complementation. The constraint imposed
by mutant 2 completely blocks this region. A disulfide bond
further upstream of residue 274 potentially would allow full
exposure of a profusion domain and would be completely WT
in binding and function.

The mutants in this study forced greater stability between
the C terminus and core of gD that interfered with the con-
formational change(s) required for viral fusion and entry (19).
Previously reported deletions or mutations within the C ter-
minus increase the binding of gD to receptors by destabilizing
the interaction of the C terminus with the core (19). Impor-
tantly, these mutants also complemented virus infectivity
poorly (4, 19). In these mutant proteins the C-terminal con-
formational change likely occurs more easily and possibly pre-
triggers virions before the virus encounters a host cell.

Our results show that a dynamic interaction between the C
terminus and the core of gD is important for fusion and virus
infectivity. Too much, or too little, interaction between the C
terminus and core negatively impacts the virus. This interac-
tion between the C terminus and core of gD allows the virus to
regulate the triggering of the fusion glycoproteins so that fu-
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sion occurs only when the virus has encountered the proper
host cell and binds a receptor (31).

While our cysteine mutagenesis defines functions for the
movement of two different regions of the C terminus, it is
unclear if the movement of these two regions is synchronous in
WT gD. It is possible that residues 286 to 306 associate only
weakly with the core of gD via the interaction with W294 and
surrounding residues. We propose that the profusion domain
is more tightly associated with the core and that receptor
binding is required for stable unwinding of the C terminus and
exposure of this domain. Future studies will be directed at
testing this and other possibilities using our panel of gD cys-
teine double mutants.
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