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We have studied the receptor-specific function of four linker-insertion mutants of herpes simplex virus type
1 glycoprotein D (gD) representing each of the functional regions of gD. We used biosensor analysis to measure
binding of the gD mutants to the receptors HVEM (HveA) and nectin-1 (HveC). One of the mutants, gD (V34t),
failed to bind HVEMt but showed essentially wild-type (WT) affinity for nectin-1t. The receptor-binding
kinetics and affinities of the other three gD mutants varied over a 1,000-fold range, but each mutant had the
same affinity for both receptors. All of the mutants were functionally impaired in virus entry and cell fusion,
and the levels of activity were strikingly similar in these two assays. gD(V34)-containing virus was defective on
HVEM-expressing cells but did enter nectin-1-expressing cells to about 60% of WT levels. This showed that the
defect of this form of gD on HVEM-expressing cells was primarily one of binding and that this was separable
from its later function in virus entry. gD(V243t) showed WT binding affinity for both receptors, but virus
containing this form of gD had a markedly reduced rate of entry, suggesting that gD(V243) is impaired in a
postbinding step in the entry process. There was no correlation between gD mutant activity in fusion or virus
entry and receptor-binding affinity. We conclude that gD functions in virus entry and cell fusion regardless of
its receptor-binding kinetics and that as long as binding to a functional receptor occurs, entry will progress.

Entry of herpes simplex virus type 1 (HSV-1) into cells
involves the coordinated actions of at least five viral glycopro-
teins: glycoprotein B (gB), gC, gD, gH, and gL (50). All but gC
are indispensable for entry (1, 13, 27, 43), and gB, gD, gH, and
gL are sufficient for cell fusion (55). With the exception of gD,
the individual functions served by the essential glycoproteins
are unknown. gD is a type I virion membrane glycoprotein of
369 amino acids in its mature form. The core of gD (residues
56 to 184) has a V-like immunoglobulin (Ig) fold. This is
encircled by extensions at the N and C termini which comprise
the principal functional domains of the protein (3). gD homo-
logues are present only in the alphaherpesviruses (although
not in varicella-zoster virus). In these viruses, gD plays a con-
served and pivotal role during virus entry, binding to one of
several specific receptors (2, 5, 17, 36, 51, 56). Two of these
receptors, herpesvirus entry mediator (HVEM; also known as
HveA) and nectin-1 (CD111; previously known as HveC), have
been extensively studied because they are used by all wild-type
(WT) strains of HSV-1 (17, 36).

HVEM is a member of the tumor necrosis factor receptor
family (36). It has at least two natural ligands, LIGHT and
lymphotoxin-a, as well as gD (31, 47). Nectin-1 is a cell surface
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protein comprising one V-like and two C-like Ig domains (28).
The N-terminal V domain contains the gD-binding region (23,
30, 32). Nectin-1 functions as an adhesion molecule and is
found at adherens junctions, where it can engage in a homo-
typic frans-interaction with nectin-1 on an apposed cell mem-
brane (24, 52, 53, 63). Mutational analysis and studies of gD-
specific antibodies that block receptor binding suggest that the
two receptors bind to similar but distinct sites on gD. Interest-
ingly, although nectin-1 and HVEM are structurally unrelated,
they bind to gD with the same affinity and kinetics (26, 61).

Prior to the identification of gD receptors, a panel of gD
linker-insertion mutants were tested for entry activity in a
complementation assay and for structural integrity by reactivity
with gD-specific monoclonal antibodies (4). The rationale was
that linker-insertions that gave rise to antigenically intact but
functionally impaired proteins might be located in functionally
significant domains of gD. On this basis, four linear functional
regions (FR) were defined (4). Their locations within the re-
cently solved structure of the gD-HVEM complex (3) are
shown in Fig. 1.

FRI, FRII, and FRIII are close to each other in the struc-
ture. FRI is located entirely in the N-terminal extension and is
supported by FRII and FRIII. FRII comprises the C”, D, and
E beta-strands of the Ig fold, and FRIII includes an alpha-helix
adjacent to FRI. These three FR seem to form a discontinuous
functional domain, and it has been suggested that this might
have existed as the receptor binding site before acquisition of
the Ig-like domain (3). FRIV was not resolved in the structure,
but monoclonal antibody-binding studies (4, 35) suggest that
the C-terminal extension folds back toward the main body of
gD, bringing FRIV close to the other three FRs. The HVEM
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FIG. 1. Structure of gD in complex with HVEM, showing the locations of FR and of linker-insertions. The structure shown (3) contains HVEM
residues 4 to 105 (shown in blue) and gD residues 1 to 259. Residues 1 and 259 of gD are numbered and prefixed with an asterisk. FRI (residues
27 to 43), FRII (residues 125 to 161), and FRIII (residues 222 to 246) are shown in red, yellow, and green, respectively. FRIV (residues 277 to
310) was not resolved in the structure. The Ig-like core of gD, with the exception of the C”, D, and E B-strands that are part of FRII, is shown
in grey, as is the short stretch of amino acids downstream of FRIIIL The curved grey arrow adjacent to gD residue 259 indicates that the C-terminal
portion of gD (including FRIV) is thought to fold back on the Ig-like core. Arrows point to the sites of linker insertions for the FRI, FRII, and
FRIII mutants gD(V34), gD(V126), and gD(V243), respectively. The pink arrow shows the approximate viewpoint used in Fig. 8. (This figure was

prepared using the SwissPdb Viewer [18] from PDB file 1JMA.)

binding site on gD is unusual in comprising contiguous resi-
dues rather than being assembled from different parts of gD
(3). All of the HVEM contact residues are contained within
two segments of the N-terminal region of gD: residues 7 to 15
and 24 to 32.

In this study we reevaluated the biological function of rep-
resentative FR linker-insertion mutants in the light of recent
advances in our understanding of the interaction of gD with its
receptors and of gD structure. In studying these mutants, for
which accurate receptor-binding kinetics are available, we set
out to answer two questions. First, does the function of gD
mutants in cell fusion and virus entry correlate with receptor
binding? Second, what effects, if any, do changes in receptor-
binding kinetics have on the function of gD in cell fusion and
virus entry? We show that when binding to both receptors is
detectable, the FR mutants are affected similarly for both
receptors. Additionally, at least regarding gD function, the cell
fusion assay is a good model of virus entry. gD can function in
virus entry and cell fusion regardless of its receptor binding
kinetics; therefore, as long as binding to a functional receptor
occurs, entry will progress.

MATERIALS AND METHODS

Cells and viruses. A summary of all the cell types used in this study is provided
in Table 1. VD60 cells (derived from Vero) express gD inducibly after HSV

infection (27). Murine L cells, B78H1 cells, and B78H1-derived cell lines, as well
as VD60, were maintained in Dulbecco’s minimal essential medium supple-
mented with 5% (for VD60 cells) or 10% (for L and B78H1 cells) fetal calf
serum, 100 U of penicillin per ml, and 100 ug of streptomycin per ml. For the
B78H1-derived lines C10 (24, 33) and B78A (S. A. Connolly, G. H. Cohen, and
R. J. Eisenberg, unpublished data), the medium was supplemented with 500 pg
of G418 per ml. Cell lines B78C10-gD (expressing nectin-1) and B78A-gD
(expressing HVEM) contain the HSV-1 gD gene under the control of its own
promoter and support plaque formation by gD-negative virus. To construct these
cells, B78C10 and B78A cells were transfected with plasmid pRM465, which
contains the gD gene and its flanking regions (see below). Cells were selected

TABLE 1. Summary of the cell types used in this study

Cell line Parental Comple.men‘ts Nectin-1 and/qr
cell type gD-negative virus HVEM expression

L NA“ No Unknown
Vero NA No Both

B78 H1 NA No Neither
B78C10 B78 H1 No Nectin-1
B78A B78 H1 No HVEM
B78A-gD B78A Yes HVEM
B78C10-gD B78C10 Yes Nectin-1
VD60 Vero Yes Both

CHO K1 N/A No Neither
R3A CHO K1 No Nectin-1
HVEM 12 CHO K1 No HVEM

“ NA, not applicable.
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through two rounds of limiting-dilution cloning in the presence of 125 wg of
hygromycin per ml and 500 pg of G418 per ml and also maintained in this
medium. CHOKI1 cells were maintained in Ham’s F12 medium supplemented
with 10% fetal calf serum, 100 U of penicillin per ml, and 100 pg of streptomycin
per ml. For the CHOKI1-derived cell lines R3A (R. Xu, G. H. Cohen, and R. J.
Eisenberg, unpublished data), which stably expresses nectin-1, and HVEM12
(36), which stably expresses HVEM, this was supplemented with 250 pg of G418
per ml.

HSV-1 KOSgDB (9) contains a B-galactosidase expression cassette in place of
the gD gene. It was propagated on VD60 cells (27).

Plasmids. For complementation analysis, the following plasmids were used for
HSV-1 gD expression: for WT gD-1, pRE4 (6); for gD-1 FRI mutant gD(V34),
plasmid D1-N29; for gD-1 FRII mutant gD(V126), plasmid D1-H98; for gD-1
FRIII mutant gD(V243), plasmid D1-H24; and for gD-1 FRIV mutant gD(A290-
299), plasmid pHC240. Each FR mutant plasmid contains a linker insertion in
the gD coding sequence. In these descriptions, the symbol V indicates a linker-
insertion after the named residue and the symbol A indicates a linker-insertion
in place of the named residues. The construction of these plasmids is described
in reference 4.

For the cell fusion assay, each of the FR mutant gD genes was subcloned from
the above plasmids into pCAGGS/MCS (40). The resulting plasmids were
termed pSH445 [containing gD(V34)], pSH446 [containing gD(V126)], pSH447
[containing gD(V243)], and pRM461 [containing gD(A290-299)].

The wild-type HSV-1 glycoprotein expression vectors were as follows: for gB,
pPEPIS; for gD, pPEP99; for gH, pPEP100; and for gL, pPEP101 (42). Plasmid
pCAGT7 contains the T7 RNA polymerase gene under control of the CAG
promoter (41), and plasmid pT7EMCLuc contains the firefly luciferase gene
under control of the T7 promoter. All of these plasmids were kindly provided by
P. G. Spear.

The human nectin-1 expression plasmid pBG38 (17) was also a kind gift of
P. G. Spear. The nectin-1 coding region from Vero cells was amplified by reverse
transcription-PCR using primers pHveC5.1 and pHveC3.2 and cloned into
pCDNA3.1+ exactly as described for porcine nectin-1 (34). The resulting plas-
mid was designated pRMS500.

pRMA465 contains the gD gene under its own promoter, flanking regions from
HSV strain 17, and a hygromycin resistance gene. To construct pRM465,
pCDNA3.1+ (hygro) was digested with Bc/l and Bg/II to give two fragments. The
3,507-bp fragment, containing the hygromycin resistance gene and the origin, was
used as the vector. A 6,457-bp BamHI fragment (corresponding to bases 136309
to 142766 of the strain 17 genome) containing the gD gene was inserted into this,
resulting in the 9,961-bp construct pRM465, in which gD was in the sense
orientation with respect to the original numbering of pCDNA3.1+ (hygro).

Complementation assay. L cells plated in 12-well dishes (2 X 10° cells/well)
were transfected with gD expression vectors or empty vector using 2 ug of DNA
per well and 10 pl of Geneporter per well in 1 ml of OptiMEM serum-free
medium as specified in the manfacturer’s protocol (Gene Therapy Systems). At
20 h posttransfection, the cells were infected at an input multiplicity of 20
PFU/cell with phenotypically complemented KOSgDp (that is, KOSgDB that
had been grown on VD60 cells so that it contained gD in its envelope). Residual
inoculum was inactivated after 2 h by a 1-min wash with acid-citrate buffer (10
mM KCl, 135 mM NaCl, 40 mM citric acid [pH 3.0]), and the cells were refed
with 1 ml of medium per well. Twenty-four hours later, supernatants were
harvested, cleared by low-speed centrifugation (1,500 rpm in a Beckman GPR
bench-top centrifuge), and titrated on VD60, B78C10-gD, and B78A-gD cells.

Proteins. All of the proteins used in biosensor experiments were expressed
from recombinant baculovirus vectors in Sf9 cells and purified to homogeneity by
published methods (49, 60). Throughout this paper, soluble truncated forms of
proteins are described with the suffix “t.” The WT HSV-1 gDt, previously termed
gD-1(306t), is truncated at residue 306, just upstream of the transmembrane
domain, and has a 6-histidine tag at the C terminus (49). Analogous truncations
of the four FR mutants, gD-1(V34t), gD-1(V126t), gD-1(V243t) and gD-1(A290-
299t), were constructed in the gDt background (39). Soluble forms of nectin-1
and HVEM were also produced by truncation just upstream of the transmem-
brane domain and also have 6-histidine tags. The nomenclature of both receptors
has changed since the description of these soluble forms. Nectin-1t was called
HveC(346t) and is described in reference 25. HVEMt was called Hve A(200t) and
is described in reference 59.

Optical biosensor analysis. Binding of truncated soluble forms of gD and gD
FR mutants to nectin-1t and HVEMt was analyzed in real time using a BIA-
CORE X optical biosensor (BIAcore AB) at 25°C essentially as described pre-
viously (26, 45, 61). Sensorgrams were analyzed using BIAEvaluation software
(version 3.0), and it was assumed that all forms of gDt were dimeric. Model curve
fitting used global fitting with a 1:1 Langmuir binding model with drifting base-
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line. This represents the simplest model for a receptor-ligand interaction, where
A + B = AB. Binding affinity (K,) was calculated from the rate of association
(Kon) and the rate of dissociation (K,g) of the complex, using the formula
Kyii/Kon = Kbp.

Fusion assays. Fusion assays for characterization of the FR mutant forms of
gD were carried out by a previously published method (42), except that the cells
were lysed using the reporter lysis buffer (Promega) and luminosity readings
were made using a Thermo Labsystems Luminoscan Ascent luminometer. Lu-
minosity was expressed as relative light units (RLU). Additionally, equal expres-
sion of gD mutants was checked by cell enzyme-linked immunosorbent assay
(CELISA) (see below). For fusion assays comparing human and Vero nectin-1,
the assay was modified to use transient receptor expression. To generate target
cells, CHOK1 cells (4 X 10° per 75-cm? flask) were transfected in serum plus
antibiotic-free OptiMEM, using Lipofectamine 2000 (3 .l per pg of DNA) with
2 pg of receptor expression plasmid (pBG38 for human nectin-1, and pRM500
for Vero nectin-1), 8 ug of pPCAGGS/MCS (or other carrier DNA), and 10 pg of
T7EMCluc. The cells were refed with normal medium after 3.5 h at 37°C.
Effector cells were produced by transfecting CHOK1 as above with 3.2 pg each
of pPEP98, pPEP100, pPEP101, pCAGT?7, and one of the plasmids pPEP99,
pSH445, pSH446, pSH447, or pRM461, or with the vector pPCAGGS/MCS. At
12 h after transfection of effector cells and 24 h after transfection of targets, the
cells were mixed in 24-well plates with 2 X 10° cells/well in a 1:1 effector-to-target
ratio. The cells were lysed after 22 h of cocultivation at 37°C.

CELISA. gD expression on the surface of transfected cells was detected by
CELISA (16, 34) using the polyclonal gD-specific rabbit serum R7 (22). The
same method was used to detect receptor expression on complementing cell lines
using monoclonal antibody CK41 (23) for nectin-1 and the rabbit polyclonal
antiserum R140 for HVEM (54).

Rate of virus entry. Confluent monolayers of VD60 cells in 12-well plates were
chilled to 4°C and inoculated with 100 PFU of KOSgD complemented with WT
or FR mutant gD per well. After 90 min at 4°C for virus adsorption, the plates
were transferred to 37°C and refed with warm (37°C) medium. At intervals after
the temperature shift, the wells were washed with acid-citrate buffer (pH 3.0) to
inactivate extracellular virus. At the end of the time course, a semisolid overlay
(normal medium containing 1% carboxymethyl cellulose) was added to each
well, and the cells were incubated until plaques formed. The mean plaque
number (usually from triplicate wells) at each time point was then expressed as
a percentage of the mean plaque number obtained without acid treatment to give
an estimate of the percent virus entry.

RESULTS

In an earlier study, a panel of gD linker-insertion mutants
was generated and tested for entry activity in a complementa-
tion assay (4). Four functional regions (FR) were defined in gD
on the basis of this study: FRI, residues 27 to 43; FRII, residues
125 to 161; FRIII, residues 222 to 246; and FRIV, residues 277
to 310. Subsequently, a representative mutant from each FR
was expressed as a truncated soluble protein for further anal-
ysis (39). These mutant forms of gD were as follows: for FRI,
g¢D(V34); for FRII, gD(V126); for FRIII, gD(V243); and for
FRIV, gD(A290-299) (where V indicates the residue after
which the linker was inserted and A indicates residues replaced
by the linker). The locations of these linker-insertions, as well
as of FRI, FRII, and FRIII, are shown in Fig. 1 which depicts
the structure of gD in complex with HVEM (3).

The gD receptors HVEM and nectin-1 had not been iden-
tified at the time of the construction of the FR mutants. We
have reevaluated the FR mutants, testing receptor binding by
using biosensor analysis and receptor-specific biological func-
tion in complementation and cell fusion assays.

Receptor binding by gD FR mutants. Binding of gD to both
HVEM and nectin-1 has been extensively studied using soluble
forms of the proteins (8, 26, 34, 45, 57, 58, 61). We have
previously used optical biosensor technology to study the re-
ceptor-binding kinetics of numerous truncated soluble forms
of gD. This has revealed that FRIV is important for modulat-
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TABLE 2. Kinetic and affinity values for the binding of
gD FR mutants to HVEM and nectin-1¢

oD kon (10372 MY kyy (107257 Kp (1076 MY
HVEMt¢
gD(306t) 6.1 2.0 32
egD(V34t) Does not bind  Does not bind Does not bind
gD(V126t) 12 2.6 22.0
gD(V243t) 11.0 1.5 1.3
gD(A290-299t) 240 0.8 0.03
Nectin-1t
gD(306t) 2.6 0.7 2.7
gD(V34t) Not 1:1¢ Not 1:1¢ 4.0°
gD(V126t) 0.7 1.0 14.0
gD(V243t) 8.1 1.8 22
gD(A290-299t) 150 0.76 0.05

“ Data are from a representative experiment.

" Kp = koglkon; X* values for the global fits range from 0.7 to 4.0.
¢ HVEM binding data are reproduced from reference 61.

@ Data did not fit the 1:1 Langmuir model used for analysis.

¢ From Scatchard analysis.

ing receptor binding. Specifically, C-terminal truncations in gD
up to residue 275 result in 100-fold higher affinity for receptors
(45). We do not know the significance of these kinetic and
affinity measurements to the function of gD in virions. To
address this issue, we took advantage of the FR mutants which
are available as soluble forms, suitable for binding assays, and
as full-length forms, suitable for functional assays.

Table 2 shows the binding kinetic and affinity values of the
four FR mutant forms of gDt for the two receptors HVEMt
and nectin-1t. The HVEMt data were published previously
(61) and are reproduced here for comparison.

The most striking receptor-binding phenotype was seen with
gD(V34t), which failed to bind HVEMLt. This form of gD did
bind to nectin-1t, but the kinetics for this interaction did not fit
the 1:1 binding model used in the data analysis. Scatchard
analysis of these data suggested that binding to nectin-1t was at
approximately WT affinity, and this is consistent with published
ELISA studies (25). These data suggest that gD(V34t) is able
to bind nectin-1t but that this binding differs in some way from
WT gDt binding.

The affinity measurements of the other three mutants, for
both receptors, varied over a large range from 100-fold higher
than that of WT gDt, for gD(A290-299t), to 10-fold lower, for
gD(V126). Of interest, gD(V243t) showed WT affinity (albeit
with slightly different kinetics) in spite of its impaired function
(4). We showed previously, using a series of gD C-terminal
truncations, that for a given form of gD, the affinity and kinet-
ics for HVEMt and nectin-1t were the same (26, 45, 61). The
data presented here extend that work in that although their
receptor-binding affinities varied over a 1,000-fold range, each
of the FRII, FRIII, and FRIV mutants bound with essentially
the same kinetics and affinity to HVEMLt as to nectin-1t. No-
tably, and similar to data reported for gD truncation mutants,
the on-rates were the most variable factor, largely accounting
for the affinity differences. The off-rates for each of the mu-
tants, with both receptors, were comparable to WT rates.

An obvious question is how these receptor-binding data re-
late to the ability of each gD FR mutant to use the two recep-
tors in virus entry. To address this, we asked whether the
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FIG. 2. Complementation analysis of FR mutants on VD60 cells.
Titers of FR mutant gD-complemented virus are shown as percentages
of the titer obtained with WT gD-complemented virus. Results are the
mean of four experiments, except for the results for gD(V34), which
are the mean of six. Error bars represent *1 standard deviation about
the mean.

function of gD in virus entry correlates with receptor-binding
kinetics.

gD FR mutants in virus entry. (i) VD60 cells. We tested
whether transiently expressed gD FR mutants could comple-
ment the infectivity of a gD-negative virus, KOSgDB (9). Ini-
tially, we repeated the complementation assay that was used to
define the four FR on gD (4). L cells were transfected with gD
expression plasmids and then superinfected with phenotypi-
cally complemented KOSgDp. Progeny virus was titrated on
the complementing cell line VD60 (27), with plaque formation
providing a measure of the entry activity of the mutated forms
of gD tested.

Figure 2 shows the complementation analysis of WT gD and
the four FR mutants on VD60 cells. Consistent with previous
data (4), all of the gD FR mutant-complemented virions
showed impaired entry into VD60 cells. Entry activity was
generally somewhat higher than in the original study. We at-
tribute this to improvements in transfection technology.
¢D(V34) was the most highly impaired in this assay, with entry
activity almost at background levels. This was interesting in
that the soluble form of this mutant was unable to bind
HVEMTt but bound nectin-1t with near-WT affinity (Table 2).
The other three FR mutants, gD(V126), gD(V243), and
gD(A290-299), each retained some entry activity, but these low
levels did not correlate with binding affinity for either receptor.

VD60 cells (27) are derived from Vero cells which express
nectin-1 (34) and HVEM (14) homologues. Based on the lack
of binding of gD(V34t) to human HVEM (Table 2), it seemed
likely that gD(V34)-complemented virus would be unable to
use primate HVEM. Clearly, this mutant was also unable to
use primate nectin-1 to enter VD60 cells. However, we do not
know which receptor(s) is used by WT HSV for entry into
VD60 cells. We therefore next asked whether the observed
entry activities reflected preferential usage of one of the known
HSV receptors, HVEM and nectin-1.
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FIG. 3. Expression of HVEM (A) and nectin-1 (B) on receptor-
defined complementing cell lines and parental lines. Cells were incu-
bated with dilutions of antibodies at 4°C for 2 h and then fixed and
processed as a CELISA. OD 405nm, optical density at 405 nm.

(ii) Receptor-defined cells. To test receptor-specific entry,
we constructed receptor-defined complementing cell lines.
This was necessary because KOSgD@ cannot form plaques
unless gD is provided in frans. We took advantage of the
murine melanoma cell line B78H1, which does not express
endogenous HSV gD receptors and so does not support HSV
entry. B78C10 and B78A cells, which stably express nectin-1
and HVEM, respectively, support HSV entry and, importantly
for this study, plaque formation.

We transfected B78C10 and B78A with plasmid pRM465
containing the HSV-1 gD gene and its flanking regions so that
expression of gD would be induced by HSV infection, analo-
gous to VD60 cells. Selected stable clones, termed B78C10-gD
and B78A-gD, expressed receptor at essentially the same level
as their respective parental lines (Fig. 3) and supported plaque
formation by KOSgDB (Table 3). While KOS replicated to
comparable levels on both parental (B78C10 and B78A)
and complementing (B78C10-gD and B78A-gD) cell lines,
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TABLE 3. Plaque formation by gD-negative virus on
receptor-defined complementing cell lines

Viral titer (PFU/ml)*

Cell line
KOS KOSgDhB
B78A 4.5 x 10° 0
B78A-gD 1.2 X 107 49 x 10°
B78C10 2.6 X 10° 1.8 X 10?
B78C10-gD 4.7 X 10° 2.7 X 10°

@ Titers on VD60 cells: KOS, 2.25 X 107 PFU/ml; KOSgDB, 2.75 X 10°
PFU/ml.

KOSgDB, replicated effectively only on B78C10-gD and B78A-
gD, where gD was provided in trans.

We next used these cell lines to ask whether the four FR
mutants showed receptor-specific entry activity. The results are
presented in Fig. 4. gD(V34)-complemented virus was com-
pletely defective on HVEM-expressing B78A-gD cells but was
able to enter nectin-1-expressing B78C10-gD cells to about
60% of WT levels (Fig. 4). The failure of gD(V34)-comple-
mented virus to enter B78A-gD cells was consistent with the
binding data (Table 2) and also with the inability of gD(V34) to
mediate entry to VD60 cells (Fig. 2). The entry activity of
gD(V34)-complemented virus on B78C10-gD cells was inter-
esting because it suggests that the functional defect of gD(V34)
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FIG. 4. Complementation analysis of FR mutants on B78A-gD
(HVEM) (A) and B78C10-gD (nectin-1) (B) cells. Titers of FR mutant
gD-complemented virus are shown as percentages of the titer obtained
with WT gD-complemented virus. Data are from a representative
experiment.
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on HVEM-expressing cells is predominantly one of binding
and that gD(V34) is not intrinsically nonfunctional. Second, it
suggests that the impaired entry is not due to reduced levels of
incorporation of gD into the virion envelope.

The FRII, FRIII, and FRIV mutants showed generally
higher entry activity on the nectin-1 cells than on the HVEM
cells. Of the two cell lines, the pattern of activity on HVEM
cells more closely resembled that obtained with VD60 cells.

gD FR mutants in cell fusion. To confirm the receptor-
specific activity shown by complementation and to provide an
alternative assessment of function, we tested the FR mutants
in a cell fusion assay (42). This assay reconstitutes the virus
fusion machinery and provides a test of gD function that is
independent of other aspects of virus entry. Additionally, the
use of a different cell type from the complementation assay
argues against any cell-type-specific effects.

The four essential HSV glycoproteins, gB, gD, gH and gL,
are expressed in CHOKI effector cells along with T7 RNA
polymerase. These cells are cocultivated with CHOKI1-derived
target cells that express a receptor and are transfected with a
plasmid containing the luciferase gene under the control of the
T7 promoter. Fusion between effector and target cells allows
T7 polymerase-driven expression of luciferase, which can be
detected in a standard assay. Equal expression of each form of
gD was confirmed in each assay by CELISA on effector cells
plated at the start of cocultivation (a representative result is
shown in Fig. 5A).

Results obtained with the panel of FR mutants in fusion
assays are shown in Fig. 5B (for HVEM-expressing target cells)
and Fig. 5C (for nectin-1-expressing target cells). The results
for nectin-1 target cells are strikingly similar to those obtained
in the complementation assays using B78C10-gD cells. The
gD(V126), gD(V243) and gD(A290-299) mutants showed
somewhat higher percent activities on HVEM cells than were
seen in complementation with B78A-gD cells, although the
relative levels were similar in the two assays. Consistent with
the complementation data, effector cells expressing gD(V34)
did not fuse with HVEM target cells yet fused with nectin-1
target cells at levels approaching those obtained with effectors
expressing WT gD.

Two points arise from the results. The similarity of fusion
and entry data argues that the entry defects seen with FR
mutant-complemented virus are intrinsic properties of the mu-
tant proteins and are not due to some virion-specific aspect of
gD function or to uneven virion incorporation of gD. Secondly,
it is striking that gD(V34) is functional for both fusion and
entry on nectin-1 expressing cells, consistent with binding data
obtained by ELISA and biosensor methods. Nonetheless, viri-
ons complemented with gD(V34) fail to enter VD60 cells.

Function of Vero nectin-1. The results of binding, entry, and
fusion assays suggested that gD(V34) could not use nectin-1 to
enter Vero-derived VD60 cells even though it binds to and
uses human nectin-1 for entry and fusion. We showed previ-
ously that the nectin-1 homologue in Vero (African green
monkey) cells contains a 3-amino-acid insertion in the V do-
main, adjacent to the gD-binding region, but we did not de-
termine whether this affected its function as an HSV receptor
(34). Accordingly, we set out to test the possibility that the
impaired entry of gD(V34)-complemented virus into VD60
cells reflected a species-specific effect.
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FIG. 5. Activity of gD mutants in cell fusion. Effector CHOKI1 cells
expressing WT gB, gH, gL, and WT or mutant gD were mixed with
receptor-expressing target cells. (A) Equal expression of each form of
¢D was checked by CELISA on effector cells with gD polyclonal serum
R7. (B and C) RLU obtained with effector cells expressing each FR
mutant form of gD fusing with HVEM target cells (B) or nectin-1
target cells (C) are plotted as percentages of RLU obtained with
effector cells expressing WT glycoproteins. Data in panel A are from a
representative experiment. Data in panels B and C are the mean of
three experiments, each carried out in quadruplicate. Error bars rep-
resent *1 standard deviation about the mean. OD 405nm, optical
density at 405 nm.

Fluorescence-activated cell sorter analysis showed that
VD60 cells express similar levels of nectin-1 and HVEM to
those of their parental Vero cells (C. Krummenacher, G. H.
Cohen, and R. J. Eisenberg, unpublished data), ruling out the
lack of nectin-1 expression as an explanation for the lack of
entry activity seen with gD(V34)-complemented virus. Addi-
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FIG. 6. Virus entry (A) and cell fusion (B) mediated by human and
Vero nectin-1. (A) HSV-1 KOStk12 was titrated on cells transiently
expressing human or Vero nectin-1 or control cells transfected with
vector. Entry activity is shown as the mean slope of B-galactosidase
activity over 50 min. (B) Target CHOKI cells transiently expressing
human or Vero nectin-1 were used in a fusion assay. Data shown are
from a representative experiment, carried out in quadruplicate. Error
bars in panel B represent *1 standard deviation about the mean RLU.

tionally, Vero nectin-1 can function as a receptor for WT virus
when expressed transiently in B78H1 cells (Fig. 6A) and WT
virus entry into Vero cells can be inhibited by some anti-
nectin-1 monoclonal antibodies (data not shown).

We have been unable to test the function of gD(V34) on
Vero cells directly because the cells do not complement
KOSgDB and function poorly, if at all, as targets in the cell
fusion assay. Here we tested whether Vero nectin-1 was able to
function as a receptor for gD(V34) by transiently expressing
either human or Vero nectin-1 in CHOKI1 cells and using these
cells as targets in the fusion assay. Figure 6B shows a typical
result. For all four FR mutants and WT gD, Vero nectin-1
supported fusion at levels indistinguishable from those ob-
tained with human nectin-1 target cells.

We conclude that Vero nectin-1 is a functional receptor for
WT gD and the FR mutants, but that at physiological expres-
sion levels in the context of the VD60 cell surface it is some-
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FIG. 7. Rate of entry of FR mutant-complemented virus into
VD60 cells. Equal numbers of PFU of each virus preparation were
added to cells on ice. After a 90-min adsorption, the temperature was
shifted to 37°C to allow entry to progress. Remaining extracellular
virus was inactivated by acid treatment at the times indicated. The
plaque number at each time point was expressed as a percentage of the
plaque number obtained with no acid. Curves were generated using the
curve-fitting option of the Delta Graph program. Data shown are the
mean of three experiments. Error bars represent =1 standard devia-
tion about the mean.

how prevented from mediating the entry of gD(V34)-comple-
mented virus.

Comparisons of the rate of entry of FR mutant-comple-
mented virus. The gD(V243) mutant was interesting because it
showed essentially WT binding to both nectin-1t and HVEMt
but showed impaired entry and cell fusion. We have proposed
that the functional defect in gD(V243) defines a second, post-
receptor-binding, function of gD (61). Such a defect might be
expected to affect the rate of entry, and so we asked whether
virus complemented with gD(V243) was affected in this way.
We also wanted to test whether the rate of entry assay revealed
a correlation between receptor binding affinity and entry for
gD(V126) and gD(A290-299). The complementation and fu-
sion assays had not revealed any convincing association; how-
ever, since neither assay is rate limited (20), functional differ-
ences between mutants that are dependent on variations in
affinity might be missed.

Figure 7 shows the rate of entry of KOSgDR complemented
with WT gD or with gD(V243). The rate of entry seen with WT
gD-complemented virus (¢,, = 34 min) is typical for L-cell-
derived HSV and somewhat lower than that seen with Vero-
derived virus. The lag time after shifting the temperature to
37°C is a characteristic of virus produced on L cells (C. G.
Handler, G. H. Cohen, and R. J. Eisenberg, unpublished data)
and is not seen with Vero-derived virus. We do not know the
explanation for this phenomenon.

Virus containing gD(V243) showed a markedly reduced rate
of entry; indeed, at the last time point tested in the assay, the
plaque number had not reached 50% of the input PFU. Sig-
nificantly, this reduction in rate occurs in spite of its WT
receptor-binding characteristics. KOSgD@ complemented with
gD(V126) or gD(A290-299) showed marginally reduced rates
of entry compared to WT gD-containing virus (data not
shown). The similar rates of entry seen with these two virus
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preparations was interesting because the measured affinity of
soluble forms of these two gD mutants for both nectin-1 and
HVEM was 1,000-fold different (Table 2).

Thus, our data indicate that there is no correlation between
the affinity of these forms of gD for receptors and their ability
to function in place of WT gD. Additionally, they support the
suggestion that gD(V243) is impaired in a postbinding step in
the entry process.

DISCUSSION

In this paper, we have evaluated the biological characteris-
tics of four gD FR mutants in the light of measurements of
receptor-binding kinetics and affinity obtained from biosensor
analysis.

Kinetics and affinities of mutant forms of gD for receptors.
The most striking observation was that for each of the FRII,
FRIII, and FRIV mutants, the binding kinetics and affinity for
HVEMt and nectin-1t were essentially the same. We already
knew that this was the case with WT gDt (26, 61). HVEM and
nectin-1 have no known structural relatedness, so that such
similar binding is remarkable and suggests that gD binds to the
two receptors in a similar manner. This contrasts with measles
virus haemaggluttinin, which binds to two different receptors
via overlapping sites but with significantly different kinetics for
each (46). It is possible that the gD-binding site on nectin-1 has
some conformational identity to the site on HVEM, but this
will be revealed only when the structure of the gD-nectin-1
complex becomes available.

The FRI mutant gD(V34t) was unable to bind to HVEMt
but did bind to nectin-1t. The structure of the gD-HVEM
complex (3) revealed that when gD is bound to HVEM, the
first 37 residues of gD form a hairpin loop, bending at residue
21. There is no hairpin in the unbound form of gD, arguing
that HVEM binding causes the hairpin to form or stabilizes it.
Figure 8 shows a detailed depiction of the gD-HVEM inter-
face. FRI (gD residues 27 to 43 [Fig. 1 and 8]) includes part of
the hairpin loop in the HVEM-bound form of gD. Although
the linker-insertion in gD(V34t) is downstream of the last
HVEM contact residue (Pro-32), it may disrupt the interface
between gD and HVEM. The linker-insertion may distort gD
so as to prevent formation of the intramolecular B-sheet
formed between B-strands in HVEM (residues 35 to 37 [pink
in Fig. 8]) and at the start of FRI (residues 27 to 29). Alter-
natively, the hairpin loop might be displaced, preventing inser-
tion of HVEM Tyr-23 into its binding crevice formed by resi-
dues 11, 14, and 25 of gD (3, 7). A third possibility is that the
linker prevents conformational changes associated with hairpin
loop formation, thus blocking HVEM binding.

Although gD(V34t) bound to nectin-1t, this interaction did
not fit the 1:1 model used for analysis of biosensor data. This
is consistent with previous ELISA studies in which the
gD(V34t) binding curve was close but not identical to the WT
curve (25). The differential effect on binding to the two recep-
tors emphasizes that the binding sites on gD for the two re-
ceptors are distinct (25, 38).

The differences in K, seen with the FR mutants were due to
alterations in the on-rate, that is, the rate at which the complex
forms. Variations of on-rate over a wide range are not unprec-
edented in virus-receptor interactions; the on-rate for human
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gD Met11

HVEM Tyr23

gD Pro14

FIG. 8. Detail of the gD/HVEM interface. Residues 4 to 105
(boxed numbers) of HVEM and residues 1 to 43 of gD are shown. The
bulk of gD has been removed to allow this view; the viewer is looking
through the N-terminal hairpin loop of gD onto the apposed surface of
HVEM. The approximate viewing angle is indicated by the pink arrow
in Fig. 1. HVEM is shown in blue, gD FRI is in red, and the rest of gD
is grey. HVEM residue 23 (shown in space-filling format in green) is
visible through the binding pocket formed by gD residues 11, 14, and
25 (each shown in yellow). A B-strand of HVEM (residues 35 to 37
[shown in pink]) forms an intermolecular antiparallel B-sheet with gD
residues 27 to 29, which are at the start of FRI.

immunodeficiency virus env-coreceptor interactions varies
over 2 orders of magnitude (10). Notably, the gD of a viable
HSV-1 mutant, Rid 1 (9), as well as that of another alphaher-
pesvirus, pseudorabies virus, binds to nectin-1 with 10-fold-
higher affinity than that of WT HSV gD. In each case, the
affinity increase is largely due to an increased on-rate (8, 26).
The kinetics for the interaction of gD(V34t) with nectin-1
remain unknown, but both on- and off-rates could differ sig-
nificantly from WT rates while combining to give the WT
affinity suggested by Scatchard analysis.

We do not know whether the formation and dissociation of
the gD-receptor complex represent different events in virus
entry. If the gD-receptor complex dissociates during entry,
alterations in the off-rate might be highly significant; however,
none of the FR mutants had off-rates significantly different
from WT rates. It is possible that high-affinity attachment of
virions to proteoglycans (44) anchors them to the cell surface
so that increased dissociation of the gD complex would have
little effect. If so, linker insertions causing alterations in the
off-rate might not have been identified as having impaired
entry function in the initial screen.
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What is the relationship between affinity and function? Both
assays of gD function, i.e., complementation and cell fusion,
gave similar results, affirming the utility of cell fusion as a
model of glycoprotein function. However, neither assay
showed a clear correlation between gD function and receptor-
binding affinity, suggesting a degree of flexibility in the involve-
ment of gD in virus entry. Interactions between gD and recep-
tor would seem more likely to occur with higher gD-receptor
affinity. Why, then, is there no obvious correlation between gD
receptor-binding affinity and virus entry?

If the interaction between virion gD and cell surface recep-
tor occurs as a simple equilibrium, excess receptor might mask
defects in gD function in complementation and fusion.
Changes in receptor-binding affinity would affect entry only
when the receptor levels on the target cell are limiting (10), as
seen with influenza virus HA (29). The receptor-defined cell
lines used here overexpress receptors, but we found, using
transient-expression assays, that reduced levels of receptor did
not alter the results obtained with the four gD mutants in
fusion (data not shown).

A correlation might also be masked by high levels of gD.
There are about 34,000 molecules of gD per WT HSV-1 virion
(19). This effectively increases the valency of the gD-receptor
interaction and its avidity, perhaps allowing defects in the
affinity of individual receptor-ligand interactions to be over-
come. The viral glycoproteins are expressed at high levels in
the fusion assay, and we have not tested the effect of reduced
expression levels or of changes in their relative amounts. We
do not know how many gD-receptor interactions are required
per virion to initiate entry, but the HSV mutant FUS6kan,
which contains 500-fold less gD than does WT virus, is viable
only on cells that express large amounts of receptor (21).

We assume that our biosensor data are valid estimates of the
affinities of virion-associated forms of gD for cell surface re-
ceptor; however, this may not be the case. Virion association
per se did not affect our results, since the pattern of activity was
essentially the same in cell fusion as in complementation (com-
pare Fig. 4A and B with Fig. 5B and C). However, the trans-
membrane and cytoplasmic domains may affect receptor bind-
ing, although the latter domain is not essential for infectivity
(12, 37).

The gD(V243) mutant has an altered rate of entry. It seems
likely that two of the FR mutants are impaired in different
stages of gD function. The fact that gD(V34)-complemented
virus formed plaques on nectin-1 cells shows that this form of
gD can mediate virus entry and that, consistent with the bio-
sensor analysis, its defect on HVEM cells is solely one of
binding. By contrast, gD(V243t) had WT affinity for both re-
ceptors, yet virus complemented with this form of gD was
impaired for entry into cells bearing either receptor. This is
consistent with the suggestion, based on studies of nectin-1
mutations, that gD binding is not sufficient for entry (15). We
have proposed that gD(V243) might be defective in a postbind-
ing event (61). Indirect support for a such a defect of gD(V243)
was obtained from experiments testing the rates of virus entry.

We found that virions complemented with gD(V126) and
gD(A290-299) had slightly reduced rates, but the most signif-
icant effect was seen with gD(V243). The reduction in the rate
of entry of virions complemented with this form of gD is
consistent with a defect in a hypothetical postbinding function
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and would represent the first evidence of this for gD. Two
previous observations are relevant in this regard. First, some
gD-specific monoclonal antibodies (for example, DL6) do not
block the interaction of gD with HVEM or nectin-1 but neu-
tralize virus infectivity on cells expressing these receptors (11,
22,25, 38). Second, gD(V243t) blocks HSV entry with the same
efficiency as WT gDt does (39). Assuming that blocking with
soluble gD relies on simple competition for receptor, this sup-
ports a postbinding defect of gD(V243) in complementation
and fusion. Further analysis of gD(V243) will best be carried
out using a virus with this mutation in its genome.

How do we account for the entry phenotype of gD(V34)?
One issue that remains unexplained is the inability of gD(V34)
to complement the infectivity of KOSgDB on VD60 cells. This
was surprising because this form of gD was able to mediate the
entry of this virus into cells expressing human nectin-1 and to
mediate the fusion of cells expressing Vero nectin-1. Since
gD(V34t) is unable to bind to HVEMLt or use this receptor for
entry, one explanation for its inactivity on VD60 cells is that
HVEM is the preferred HSV receptor on these cells. We think
this unlikely because other HSV mutants that are unable to
bind to or use HVEM, such as Rid 1 and HSV1 F-dI2 (which
lacks residues 7 to 21 of gD), can enter Vero cells (9, 12).
However, Rid 1 could potentially use nectin-2 to enter Vero
cells (56). It is not clear whether HSV1 F-dI2 can use this
receptor.

A second explanation for the impairment of gD(V34)-com-
plemented virus on VD60 cells is that HSV uses different
pathways to enter Vero-derived and B78H1-derived cells, for
example, pH independent entry, such as is thought to be usual
for HSV entry (62), versus pH-dependent entry (37a). If this is
the case, gD(V34) might provide a useful differentiating re-
agent. Another possibility, not necessarily exclusive of the pre-
vious one, is that there is some aspect of the presentation of
nectin-1 on VD60 cells that prevents its use by gD(V34)-com-
plemented virus. For example, an interaction between nectin-1
and nectin-3 (48) or between nectin-1 and an unknown cell
surface protein might occlude the gD-binding site so that nec-
tin-1 is still able to bind WT gD but is unable to bind gD(V34).
This would be consistent with the linker in gD(V34) being
adjacent to the nectin-1-binding domain on gD.

In summary, the data presented in this paper suggest that
receptor-binding affinity, at least within the broad range mea-
sured here, does not have a direct bearing on virus entry. It
follows that as long as binding occurs to a functional receptor,
regardless of its affinity, entry will progress. This flexibility in
virus entry may be advantageous for virus evolution.
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