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Cell surface heparan sulfate (HS) serves as an initial receptor for many different viruses, including herpes
simplex virus types 1 and 2 (HSV-1 and 2, respectively). Glycoproteins C and B (gC and gB) are the major com-
ponents of the viral envelope that mediate binding to HS. In this study, purified gB and gC homologous pro-
teins as well as purified HSV-1 and HSV-2 virions were compared for the ability to bind isolated HS receptor
molecules. HSV-1 gC and HSV-2 gC bound comparable amounts of HS. Similarly, HSV-1 gB and its HSV-2
counterpart showed no difference in the HS-binding capabilities. Despite the similar HS-binding potentials of
gB and gC homologs, HSV-1 virions bound more HS than HSV-2 particles. Purified gC and gB proteins differed
with respect to sensitivity of their interaction with HS to increased concentrations of sodium chloride in the
order gB-2 > gB-1 > gC-1 > gC-2. The corresponding pattern for binding of whole HSV virions to cells in the
presence of increased ionic strength of the medium was HSV-2 gC-neg1 > HSV-1 gC239 > HSV-1 KOS 321 >
HSV-2 333. These results relate the HS-binding activities of individual glycoproteins with the cell-binding
abilities of whole virus particles. In addition, these data suggest a greater contribution of electrostatic forces
for binding of gB proteins and gC-negative mutants compared with binding of gC homologs and wild-type HSV
strains. Binding of wild-type HSV-2 virions was the least sensitive to increased ionic strength of the medium,
suggesting that the less extensive binding of HS molecules by HSV-2 than by HSV-1 can be compensated for
by a relatively weak contribution of electrostatic forces to the binding. Furthermore, gB and gC homologs
exhibited different patterns of sensitivity of binding to cells to inhibition with selectively N-, 2-O-, and
6-O-desulfated heparin compounds. The O-sulfate groups of heparin were found to be more important
for interaction with gB-1 than gB-2. These results indicate that HSV-1 and HSV-2 differ in their interaction
with HS.

Cell surface carbohydrate moieties frequently serve as initial
receptors for viruses. Their location at the cell periphery and
their abundant expression, ubiquity, and frequency of negative
charge load make them well suited for electrostatic attraction
of viruses to the cell membrane. This event is followed by an
initial weak virus-cell contact that concludes in multiple inter-
actions between numerous copies of the viral attachment pro-
teins and receptor molecules. Such a cascade of events is
of great importance in the stable cell adherence of complex
pathogens such as enveloped viruses. One example of a viral
receptor of carbohydrate nature is heparan sulfate (HS) pro-
teoglycan, the molecule first identified to serve as initial recep-
tor for herpes simplex virus types 1 and 2 (HSV-1 and -2) by
WuDunn and Spear (52). At least two proteins of both HSV-1
and HSV-2 envelope, glycoprotein C (designated gC-1 for
HSV-1 and gC-2 for HSV-2) and glycoprotein B (gB-1 and gB-2,
respectively), were demonstrated to be able to bind heparin (10,
14, 49), a molecule related to HS. It has been reported that in
HSV-1, gC-1 played a key role in the adsorption of wild-type
HSV-1 to cells (14), whereas gB-1 mediated binding of gC-null
mutants (15). In contrast, gC-2 was not found to be a key attach-
ment protein of HSV-2, and consequently a greater contribution
of gB for HSV-2 than HSV-1 binding has been suggested (10). In
addition to providing sites for initial virus binding, HS was re-
ported to promote HSV-1-induced cell-to-cell fusion (42). Fur-
thermore, HS modified by 3-O-sulfotransferase isomer 3 was re-

cently reported to be able to interact with HSV-1 gD, an event
that triggered the virus entry into cell (43).

Although both HSV-1 and HSV-2 target HS as a receptor
molecule, these viruses have been reported to exhibit a number
of type-specific differences in their interactions with host cells.
In particular, HSV-2 infection of cells was more efficiently
inhibited than that of HSV-1 by polyanionic substances such as
heparin, dextran sulfate, agar inhibitors, and chondroitin sul-
fate B (19). In contrast, polycationic substances such as neo-
mycin and poly-L-lysine more efficiently inhibited infection by
HSV-1 than by HSV-2 strains (24, 25), and this phenotype was
mapped to the N-terminal region of gC-2 (2, 26, 37). More-
over, HSV-2 exhibited greater sensitivity than HSV-1 as re-
gards inhibition of viral binding by O-desulfated heparins, a
type-specific phenotype that was attributed to gC-2 (13). Fur-
thermore, HSV-1 but not HSV-2 infection of mutant HS- and
chondroitin sulfate-deficient cells was stimulated by dextran
sulfate, and it was demonstrated that gB-1 mediated this ability
whereas the presence of gC-2 exerted an inhibitory effect (5).
Finally, HSV-1-infected but not HSV-2-infected cells bound
the C3b component of complement, and gC-1 was identified to
act as a receptor for C3b (8). Interestingly, whereas HSV-2-
infected cells bound no C3b, purified gC-2 exhibited such ac-
tivity (6, 34), indicating that differences in the presentation
and/or quantity of gC-1 and gC-2 on virus-infected cells or on
the virion surface may account for type-specific phenotypes
with respect to C3b binding and sensitivity to polyanionic and
polycationic substances.

The carbohydrate moieties of HS proteoglycans, i.e., HS
chains, provide receptor sites for HSV, and a single chain may
contain up to several hundred saccharides. For example, HS
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chains that occur in green monkey kidney (GMK AH1) and
human epidermoid carcinoma (HEp-2) cells averaged 30 kDa
(7) and 105 kDa (33) in apparent molecular mass, which cor-
respond to approximately 55 nm (120 sugar residues per chain)
and 190 nm (420 sugar residues), respectively, in chain length.
Simple calculation indicates that HEp-2 cell-specific HS could
theoretically adhere to almost half of the virion circumference.
HS chains are composed of alternating glucosamine and uronic
acid residues. These sugar residues can be modified by N-,
6-O-, and 3-O-sulfation (glucosamine) and by 2-O-sulfation
(uronic acid). In contrast to heparin, which could be described
as a continuous block of extensively sulfated saccharides, there
is a nonuniform distribution of sulfate groups in HS, with an
overall tendency to form clusters. Consequently, HS chains are
thought to possess a domain-like structure where blocks of
weakly sulfated saccharides alternate with stretches of moder-
ately to highly sulfated sugar residues (for a review, see refer-
ence 40). According to the protein-polyelectrolyte interaction
theory (32), the binding of protein to HS relies on the release
of cations, most notably sodium ions, from polyanionic HS
chains by positively charged components of the protein. The
protein-HS complexes can dissociate at specific ionic strength
of the medium, and the HS-binding proteins significantly differ
with regard to this parameter. An overall tendency is that the
higher the concentration of sodium ions necessary to break the
protein-HS complex, the lower the contribution of electrostatic
forces for the binding. For example, for the interaction of
fibroblast growth factor with heparin that dissociates in the
presence of more than 1 M NaCl, it was shown that only
approximately 30% of the binding energy resulted from pure
electrostatic forces (50). However, most of the proteins elute
from heparin/HS chains at relatively low ionic strength of the
medium, and the contribution of electrostatic forces to their
binding is significant.

In this investigation, we compared purified gB and gC ho-
mologs as well as whole HSV virions for the ability to bind
isolated HS receptor molecules. Our results revealed that
HSV-2 virions bound less HS than did HSV-1 particles, but the
contribution of relatively nonspecific electrostatic forces was
greater for HSV-1 than for HSV-2 binding to cells.

MATERIALS AND METHODS

Cells and viruses. African green monkey kidney (GMK AH1) cells were
cultivated in Eagle’s minimum essential medium (EMEM) supplemented with
2% calf serum, 0.05% Primaton RT substance, and antibiotics. Baby hamster
kidney (BHK) cells were propagated in Glasgow minimum essential medium
supplemented with 8% calf serum, 8% tryptose phosphate broth, 1 mM L-
glutamine, and antibiotics. Human epidermoid carcinoma (HEp-2) cells were
grown in EMEM supplemented with 8% fetal bovine serum. The HSV strains
used were HSV-1 KOS 321, a plaque-purified isolate of wild-type strain KOS
(17), an HSV-1 KOS gC-null mutant designated gC239 (16), HSV-2 strain 333
(4), and a local clinical isolate of HSV-2 designated B4327UR (22). The former
three strains were kindly provided by J. Glorioso (University of Pittsburgh School
of Medicine, Pittsburgh, Pa.). The gB and gC genes of strains KOS 321 and 333
have been sequenced (18, 38, 46, 48). For the B4327UR isolate, the coding
sequence for gC-2 is available (EMBL database, accession number AJ297389).
For preparation of the HSV-2 gC-negative mutant, plaques produced by HSV-2
333 were immunostained by using rabbit polyclonal anti-gC sera R65 and R118
(a generous gift from G. Cohen and R. Eisenberg, University of Pennsylvania,
Philadelphia), and then several unstained plaques were selected for purification
to the point of homogeneity. One clone, designated HSV-2 gC-neg1, was se-
quenced by PCR and appeared to carry a frameshift mutation, due to an inser-
tion of cytosine within a run of five cytosines that precedes codon 166. This
alteration gave rise to a stop codon at triplet 252 resulting in a premature
truncation of gC-2.

Virus purification. The virus was purified from infectious culture media of
GMK AH1 cells. For preparation of radiolabeled virus, the cells were infected at
an multiplicity of infection of 3 PFU per cell; after an adsorption period of 2 h
at 37°C, the cells were washed and then incubated for 48 h at 37°C in EMEM
supplemented with [methyl-3H]thymidine (25 mCi/ml). The media were clarified
by centrifugation at 1,000 3 g for 25 min and then by centrifugation at 5,000 3

g for 10 min. Extracellular virus was pelleted from the resulting supernatant by
centrifugation at 22,000 3 g for 2 h. The pellet was covered with phosphate-
buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.5 mM
KH2PO4) and left overnight at 4°C. The virus was purified from the pelleted
material by centrifugation through a three-step discontinuous sucrose gradient
(23). The relative number of virions in purified HSV-1 and HSV-2 preparations
was determined by quantitating amounts of the major viral capsid protein (VP5)
as described by WuDunn and Spear (52). Briefly, serial twofold dilutions of
purified virions were electrophoresed under reducing conditions on a 4 to 12%
NuPAGE Bis-Tris precast gel and stained with colloidal blue kit as instructed by
the manufacturer (Novex, San Diego, Calif.). Relative amounts of VP5 were
determined by comparing the densities of the stained proteins.

Purification of viral glycoproteins. Confluent monolayers of GMK AH1 cells
(for gC-1, gB-1, and gB-2 purification) or BHK and HEp-2 cells (for gC-2
purification) in roller bottles were infected with strain KOS 321 or B4327UR;
when the cytopathic effect was pronounced, the cells and media were harvested.
The virus was spun down from the media by centrifugation at 130,000 3 g for 1 h,
and both the virus pellet and infected cells were stored at 270°C. The infected
cells and/or viral pellet were lysed with cold 0.02 M Tris-HCl buffer (pH 7.5)
containing 1% sodium deoxycholate, 1% Nonidet P-40, 2 mM EDTA, 2 mM
4-(2-aminoethyl)-benzenesulfonyl fluoride, and 2 mM Na-p-tosyl-L-lysine chlo-
romethyl ketone. The mixture was dispersed vigorously with a pipette and left on
ice for 1 h. Unsolubilized material was pelleted by centrifugation at 130,000 3 g
for 1 h; the supernatant was preadsorbed on an immunosorbent column con-
taining anti-gE monoclonal antibody B1E6 (to prevent possible contamination of
gC preparations with gE) and then passed through columns containing mono-
clonal antibody C4H11 (anti-gC-1) or B11D8 (anti-gB) (1). For purification of
gC-2, rabbit anti-HSV gC polyclonal serum K65 was used to prepare an immu-
nosorbent column (6). Subsequently the columns were washed with 0.02 M
Tris-HCl (pH 7.5) containing 0.1% Nonidet P-40, 0.5 M NaCl, and 2 mM EDTA.
To minimize the amount of detergent in purified viral proteins, the columns were
washed with detergent-free washing buffer just before elution with 0.1 M glycine-
HCl (pH 2.4). Following neutralization of the eluent with 1 M Tris-HCl (pH 8.0),
the material was centrifuged to near dryness over a microcentrifugal concentra-
tor with a 30-kDa cutoff (PallGelman Sciences, Lund, Sweden), then resus-
pended in PBS, and centrifuged again. The final product was suspended in a
small volume of PBS and stored at 270°C. Protein concentration was determined
according to standard Lowry method (DC protein assay kit; Bio-Rad).

Isolation of HS chains. Nearly confluent monolayers of HEp-2 or GMK AH1
cells were labeled for 48 h with N2

35SO4 (50 mCi/ml; specific activity, 1,325
Ci/mmol; NEN Life Science Products, Boston, Mass.) in low-sulfate EMEM
(10% original sulfate concentration) supplemented with 10% fetal calf serum
and antibiotics. Cell-associated HS chains were purified by the method of Lyon
et al. (30).

Modified heparin compounds. Modifications were performed on bovine lung
heparin which had been isolated and purified as previously described (27).
Selective 2-O-desulfation was performed by lyophilization at pH 12.5 as previ-
ously described (21). N-desulfation was performed on the pyridiminium salt of
heparin in dimethyl sulfoxide-H2O (19:1) at 50°C for 90 min (20). Preferential
6-O-desulfation was performed in dimethyl sulfoxide-methanol (9:1) at 93°C for
2 h (35). O-desulfated heparin chains were N-resulfated (28), whereas N-desul-
fated heparin was N-acetylated (3).

Neuraminidase and glycosidase treatment. Five-microgram aliquots of puri-
fied gC-1 and gC-2 in 0.1 M sodium phosphate buffer (pH 7.3) were treated for
2 h at 36°C with 5 mU of neuraminidase, 5 mU of both neuraminidase and
O-glycosidase, and 250 mU of endoglycosidase F/N-glycosidase F (all enzymes
from Boehringer Mannheim Scandinavia AB, Bromma, Sweden). Products of
mock and enzymatic digestions were subjected to electrophoresis under reducing
conditions on a 10% acrylamide tris-glycine precast gel and then stained with a
colloidal blue kit (Novex). Purified HSV-1 and HSV-2 in 0.2 ml of PBS were
incubated with 20 mU of neuraminidase for 1 h at 36°C.

Binding of glycosaminoglycans to HSV proteins and HSV virions. Equal
quantities of purified gB and gC proteins (adjusted according to protein con-
tents) or the same relative number of HSV-1 and HSV-2 particles (quantification
based on relative amounts of the VP5 protein) were diluted in 0.2 ml of PBS
supplemented with 0.05% bovine serum albumin (PBS-BSA) and then mixed
with ca. 5,000 cpm of GMK AH1 or HEp-2 cell-specific 35S-HS. Following
incubation for 2 h at room temperature, the amounts of bound glycosaminogly-
can were determined by the nitrocellulose membrane filtration method (31). The
binding of viral proteins to HS in the presence of increased concentrations of
sodium chloride was assayed in a similar manner, except that the protein-HS
mixtures were incubated in phosphate buffer in which the concentration of
sodium chloride was adjusted to required values with a 2 M solution of sodium
chloride in phosphate buffer.

Viral plaque assay in the presence of modified heparin compounds. Serial
fivefold dilutions of a specific compound in 2 ml of cold Hanks balanced salt
solution (without phenol red and glucose) was mixed with 200 ml of the same
medium containing ca. 200 PFU of either HSV-1 or HSV-2 and incubated for 10
min at 4°C (cold room). Confluent, dense monolayers (3 days old) of GMK AH1
cells in six-well plates, precooled for 20 min at room temperature and for 20 min
at 4°C, were washed with 2 ml of cold Hanks medium; then 1-ml portions of the
virus-heparin mixture were added. Following adsorption for 1 h at 4°C, the cells
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were washed twice with 2 ml of cold Hanks medium and overlaid with 4 ml of
EMEM containing 1% methylcellulose, 2% fetal calf serum, and antibiotics. The
plaques were stained with crystal violet solution after 3 days of incubation at
37°C. In a set of similar experiments, incubation of the virus-heparin mixture in
EMEM and subsequent virus adsorption to cells were carried out at 37°C. The
concentrations of heparin preparations that inhibited the number of viral plaques
by 50% (IC50s) were interpolated from the dose-response curves.

Binding of purified viral proteins to cells in the presence of modified heparin
compounds. The effect of selectively or preferentially N-, 2-O-, or 6-O-desulfated
heparin preparations on binding of purified gC-1, gC-2, gB-1, and gB-2 to GMK
AH1 cells was tested by an enzyme-linked immunosorbent assay (ELISA)-at-
tachment method as described previously (29, 47). Both preincubation of glyco-
proteins with heparin compounds and their attachment to GMK AH1 cells were
carried out at 4°C.

Enzymatic digestion of cells. Confluent monolayers of 3-day-old GMK AH1
cells in six-well plates were washed twice with 2 ml of Hanks medium, and 1-ml
portions of the same medium containing various numbers of heparinase units
were added. Following incubation at 37°C for 1 h and at 4°C for 20 min, the cells
were washed twice with 2 ml of cold Hanks medium, and ca. 200 PFU of the virus
in 1 ml of Hanks medium was added. Following virus adsorption for 1 h at 4°C,
the cells were washed twice with 2 ml of Hanks medium and overlaid with 3 ml
of 1% methylcellulose solution. The plaques were stained with crystal violet
solution after 3 days of incubation at 37°C.

Binding of virus to cells at increased ionic strength of the medium. Confluent,
dense monolayers of 3-day-old GMK AH1 cells in 24-well plates were precooled
for 30 min at room temperature and for 30 min at 4°C. The cells were washed
twice with 0.5 ml of cold Hanks medium supplemented with various concentra-
tions of sodium chloride and 1% BSA (H-NaCl-BSA). Subsequently 0.2 ml of
H-NaCl-BSA containing the same number of relative VP5 units of [3H]thymi-
dine-labeled KOS 321, 333, gC239, or gC-neg1 was added. Following adsorption
for 20 min at 4°C, the cells were washed once with 0.5 ml of H-NaCl-BSA and
twice with 0.5 ml of normal Hanks solution. The cells were then lysed with a 5%
solution of sodium dodecyl sulfate and transferred to scintillation vials for quan-
tification of radioactivity. The binding of nonlabeled virus to cells was assayed in
a similar manner. Briefly, confluent, dense monolayers of 3-day-old GMK AH1
cells in six-well plates were precooled for 30 min at room temperature and for 30
min at 4°C. The cells were washed twice with 2 ml of cold Hanks medium
supplemented with various concentrations of sodium chloride (H-NaCl). Subse-
quently 1 ml of H-NaCl containing approximately 200 PFU of an HSV strain was
added and left for adsorption for 20 min at 4°C. The cells were washed once with
2 ml of H-NaCl and twice with 2 ml of normal Hanks solution. The cells were
then overlaid with 1% methylcellulose solution and incubated for 2 (HSV-2
strains) or 3 (HSV-1 strains) days at 37°C for the development of viral plaques.

RESULTS

HS-binding capabilities of purified gC and gB homologs of
HSV and purified HSV virions. To study the relative contribu-
tion of gC and gB homologs for HSV-1 and HSV-2 attachment
to cells, the physical abilities of gC and gB proteins to bind
isolated HS receptor molecules were first assayed. Electro-
phoretic profiles of the viral proteins used are shown in Fig. 1.
The presence of two extra bands (ca. 45 and 55 kDa) in the
preparation of gB-2 might be explained by the fact that up to

30% of mature gB-2 (110 kDa) could be cleaved during in vitro
processing. However, due to the presence of disulfide bonds
between Cys1-Cys8 and Cys2-Cys7, these two parts were puri-
fied together by immunoaffinity chromatography but separated
when electrophoresed under reducing conditions (36). To
compare the HS-binding capabilities of gB-1, gB-2, gC-1, and
gC-2 (purified from infected BHK cells), stocks of purified
proteins were diluted to the same protein contents and then
mixed with GMK AH1 cell-specific 35S-labeled HS (Fig. 2A).
Purified gB-1 and gB-2 bound similar amounts of HS. The
same was observed for gC-1 and gC-2. Based on these results,
the HS-binding capacity of gB and gC homologs, i.e., the quan-
tity of 35S-HS per molecule of the protein, was calculated. At
low protein concentration, i.e., 0.2 mg, gB-1 bound 1.26 3
10210, gB-2 bound 1.00 3 10210, gC-1 bound 4.28 3 10210, and
gC-2 bound 3.54 3 10210 cpm of HS per protein molecule. The
corresponding values calculated for a high protein concentra-
tion, i.e., 5 mg, were as follows: 6.19 3 10211 cpm of HS per

FIG. 1. Electrophoretic analysis of affinity-purified gB-1, gB-2, gC-1, and
gC-2. Glycoproteins were subjected to electrophoresis under reducing conditions
on a 10% acrylamide tris-glycine precast gel and stained with a colloidal Coo-
massie blue kit.

FIG. 2. (A) HS-binding capabilities of purified gB-1, gB-2, gC-1, and gC-2.
35S-labeled HS from GMK AH1 cells was incubated for 2 h at room temperature
with purified viral proteins. Bound HS was trapped on nitrocellulose filters.
Values shown are averages of four individual determinations from two separate
experiments. Data for gC-2 (HEp-2) and the rest of the proteins were obtained
in experiments done at different times. (B) Binding of purified gB-1, gB-2, gC-1,
and gC-2 to HS in the presence of increasing concentrations of sodium chloride.
Purified proteins were incubated with 35S-labeled HS from GMK AH1 in phos-
phate buffer supplemented with specific concentrations of sodium chloride. The
rest of the procedure was as described for panel A. Values shown are averages
of two individual determinations from two separate experiments.
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gB-1 molecule, 6.51 3 10211 per gB-2 molecule, 4.6 3 10211

per gC-1 molecule, and 4.27 3 10211 per gC-2 molecule. These
results indicated that at a relatively low protein concentration,
gB homologs bound three to four times less HS per molecule
than gC proteins, whereas at a high protein concentration,
gB-1 and gB-2 bound more HS per molecule than gC-1 and
gC-2. To examine whether biological functions of viral glyco-
proteins could be affected by the cell substratum used for virus
multiplication, one of the glycoproteins used, gC-2, was also
extracted from HEp-2 and GMK AH1 cells. The electro-
phoretic mobility of gC-2 extracted from HEp-2 cells was com-
parable to that shown in Fig. 1 for BHK cell-derived gC-2,
whereas the apparent molecular mass of gC-2 purified from
GMK AH1 cells was ca. 2 to 3 kDa less than those of two other
preparations of gC-2 (data not shown). gC-2 derived from
HEp-2 cells bound slightly more HS than the corresponding
protein extracted from BHK cells (Fig. 2A). In addition, at a
concentration of 5 mg, gC-2 purified from GMK AH1 and
HEp-2 cells bound comparable amounts of HS.

Differences in the HS-binding capacities of gB and gC mol-
ecules observed at various protein concentrations inspired us
to investigate the effect of increased sodium chloride concen-
tration on binding of purified proteins to HS (Fig. 2B). This
assay is a measure of specificity and reflects the relative con-
tribution of electrostatic forces to the formation of protein-HS
complexes (see the introduction). The concentrations of so-
dium chloride that reduced the binding of viral proteins to HS
by 50% were 0.18 M for gB-2, 0.19 M for gB-1, 0.23 M for
gC-1, and 0.27 M for gC-2. These data indicated that there was
a greater contribution of relatively nonspecific electrostatic
forces for binding of gB homologs than gC molecules. This
could, at least in part, explain the differences in the HS-binding
capacity of gB molecules when tested at relatively low and high
concentrations of protein.

In addition to examining HS-binding abilities of gB and gC
homologs, we compared purified, whole HSV-1 and HSV-2
virions for this ability. Based on the VP5 contents in different
HSV-1 and HSV-2 preparations, stocks of purified virus were
adjusted to contain the same relative number of virus particles
and then tested for the ability to bind GMK AH1 cell-specific
and HEp-2 cell-specific 35S-labeled HS (Table 1). HSV-1 viri-
ons bound more GMK AH1 cell-specific HS than HSV-2 par-
ticles. The same was observed when HEp-2 cell-specific HS
was used. In addition, we were interested in whether differen-
tial binding of HS by HSV-1 and HSV-2 virions could be
related to HSV type-specific differences that affect their sen-
sitivity to polyanions. It was reported (19) that many different
polyanionic substances such as heparin, dextran sulfate, agar
inhibitors, or dermatan sulfate inhibited HSV-2 infection of
cells more efficiently than HSV-1 infection of cells. We sought

to examine whether this observation could be extended to a
biologically important polyanionic ligand for HSV, HS. To this
end, two different preparations of HS, from human aorta (a
gift from W. Murphy, Melbourne, Australia) and from bovine
kidney (Seikagaku, Tokyo, Japan), were tested for the ability to
inhibit HSV-1 and HSV-2 infection of GMK AH1 cells. Virus
adsorption to cells in the presence of exogenously added HS
was carried out at 4°C. IC50s of human aorta HS were 20 and
3 mg/ml for HSV-1 and HSV-2, respectively. The correspond-
ing values for bovine kidney HS were .500 and 70 mg/ml for
HSV-1 and -2, respectively. Thus, as was observed for other
polyanions (19), less HS was necessary to inhibit HSV-2 than
HSV-1 infection of cells. This difference could, at least in part,
be attributed to our observation that HSV-2 virions bound less
HS than HSV-1 particles (Table 1).

Knowing that the binding of viral gB-1, gB-2, gC-1, and gC-2
to HS molecules was prevented by different concentrations of
sodium chloride, we sought to determine whether the binding
of whole virus particles to cells would be affected similarly by
the increased ionic strength of the medium. To this end, puri-
fied radiolabeled virions of HSV-1 KOS 321, HSV-1 gC239,
HSV-2 333, and HSV-2 gC-neg1 were compared for the ability
to attach to cells in the presence of increasing concentrations
of sodium chloride. It should be noted that this experiment
required exposure of cells to hypertonic concentrations of so-
dium chloride. To protect the cells, all experiments were con-
ducted at 4°C, and the total exposure of cells to increased
concentrations of sodium chloride did not exceed 40 min. Fur-
ther growth of GMK AH1 cells was not affected by this treat-
ment. The concentration of sodium chloride necessary to pre-
vent the binding of HSV-2 gC-neg1 by 50% was 0.24 M (Fig.
3A). The corresponding values were 0.27 M for HSV-1 gC239,
0.34 M for HSV-1 KOS 321, and 0.58 M for HSV-2 333.
Similar tendencies were observed with nonlabeled virus prep-
arations (Fig. 3B). In this experiment, following virus adsorp-
tion to cells at 4°C in the presence of sodium chloride, the cells
were washed and incubated at 37°C for viral plaques to de-
velop. Differences shown in Fig. 3 cannot be attributed to a
direct virus inactivation by hypertonic solutions of sodium
chloride because incubation of HSV-1 KOS 321 for 15 min at
4°C in 0.9 M sodium chloride and subsequent restoration of
isotonicity did not reduce viral infectivity. These results indi-
cated that a hierarchy of sensitivity of virus binding to in-
creased ionic strength of the medium, i.e., HSV-2 gC-neg1 .
HSV-1 gC239 . HSV-1 KOS 321 . HSV-2 333, correlated
with corresponding sensitivities of purified viral proteins, i.e.,
gB-2 . gB-1 . gC-1 . gC-2 (compare Fig. 2B with Fig. 3).

In an attempt to explain the less efficient binding of HS by
HSV-2 than HSV-1 virions, we considered the possibility that
due to differences in presentation of protein in its purified
versus virion-associated form, some glycans may differently
modulate the binding of HS in these two systems. To this end,
purified gC proteins were treated with neuraminidase, neur-
aminidase and O-glycanase, and endoglycosidase F/N and then
tested for binding of HS. Electrophoretic mobility and HS-
binding capabilities of enzyme-treated proteins are shown in
Fig. 4. Although we are aware that some sugar residues might
not be eliminated by these treatments, removal of terminal
sialic acid residues slightly increased HS-binding capabilities of
gC-1 and gC-2, whereas further removal of a population of
O-glycans specifically cleaved by O-glycanase had little or no
effect. In contrast, endoglycosidase F/N-treated gC-1 and gC-2
bound ca. 40 to 50% less HS than untreated controls. Because
neuraminidase-treated proteins exhibited slightly enhanced
HS-binding capabilities, we examined the possibility that sialic
acid may shield the binding of HS by HSV-2 virions. Neura-

TABLE 1. HS-binding abilities of purified HSV-1
and HSV-2 virions

Source of
HSa Virus

Mean bound HS
(% of input 35S-labeled material) 6 SD

8b 1.6b 0.32b

GMK cells HSV-1 19.3 6 1.4 13.3 6 0.6 6.4 6 0.7
HSV-2 7.3 6 0.6 4.9 6 1.0 3.0 6 0.2

HEp-2 cells HSV-1 24.8 6 1.7 13.3 6 0.9 5.4 6 0.4
HSV-2 10.7 6 0.6 4.3 6 0.2 1.9 6 0.2

a Two separate experiments were carried out in duplicate for each HS prep-
aration.

b Relative number of viral VP5 units.
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minidase-treated and mock-treated HSV-1 virions bound
24.1% 6 1.9% and 20.9% 6 1.7% of applied HS, respectively;
the corresponding values for HSV-2 virions were 7.7% 6 0.7%
and 5.6% 6 0.6%. Thus, as was found with purified proteins
(Fig. 4B), HS-binding capabilities of HSV-1 and HSV-2 virions
were only slightly augmented by neuraminidase treatment.

It was reported (10) that wild-type HSV-2 and a gC-null
mutant did not differ in their binding to cells, and consequently
gB-2 was suggested as a dominant HSV-2 attachment protein.
Our data suggest that gC-2 mediated binding of HSV-2 virions
that, at least to some extent, appeared to be resistant to in-
creased ionic strength. To further explore the extent of mani-
festation of gC-2 functions in the HSV-2 background, HSV-2
wild-type and gC-neg1 mutant strains were compared for the
ability to form plaques on heparinase-treated GMK AH1 cells.
With HSV-1, we invariably observed that when assayed on cells
that had been pretreated with relatively low doses of hepari-
nase, the gC-null mutant produced fewer plaques than the
wild-type strain (Fig. 5A). This suggested that gC-1 can facil-
itate virus binding when the density of the HS receptor is
reduced. As seen in Fig. 5B, the same was observed for the
HSV-2 gC-negative mutant and its wild-type parent. This dif-

ference suggests that at least under these specific conditions,
the presence of gC-2 is beneficial for HSV-2 virions.

Interaction of gB and gC homologs with cell surface. In
addition to examining a direct binding of purified proteins to
isolated HS chains, we attempted to search for individual spec-
ificities in interactions of these proteins with the cell surface.
To this end, we tested the effects of selectively or preferentially
N-, 2-O-, and 6-O-desulfated preparations of heparin on bind-
ing of purified gB-1, gB-2, gC-1, and gC-2 to GMK AH1 cells
(Fig. 6B); similar experiments with whole HSV-1 and HSV-2
were also carried out (Fig. 6A). Compositional analysis of the
products of N- and 2-O-desulfation of heparin revealed selec-
tive removal of N- and 2-O-sulfate groups, respectively (7). In
contrast, 6-O-desulfation is a preferential process since in ad-
dition to 6-O-sulfate groups, approximately 20 to 30% of 2-O-
sulfates are lost. We reasoned that if the sulfate group of a
particular type is nonessential for interaction, then its selective
removal would impair little or not at all the ability of such
modified heparin to compete with cell surface HS for binding
to the isolated viral proteins or whole virions. In line with this
interpretation, ratios of IC50 of modified heparin to native
heparin were calculated for each sample (Table 2). These

FIG. 3. HSV binding to cells in the presence of increasing concentrations of
sodium chloride. Purified radiolabeled (A) or nonlabeled (B) HSV-1 KOS 321,
HSV-1 gC239, HSV-2 333, and HSV-2 gC-neg1 were incubated with GMK AH1
cells for 20 min at 4°C in the presence specific concentrations of sodium chloride.
Experiments were carried out at 4°C (cold room). Sodium chloride solutions
were left on cells for a maximum of 40 min. For further details, see Materials and
Methods. Values shown are averages of four individual determinations from two
separate experiments.

FIG. 4. Carbohydrate modification and HS binding by gC-1 and gC-2. (A)
Electrophoretic analysis of mock (M)-, sialidase (S)-, sialidase and O-glycanase
(SO)-, and endoglycosidase F/N (N)-treated gC-1 and gC-2. Sizes are indicated
in kilodaltons. (B) Binding of HS by sialidase and/or glycosidase-treated gC-1
and gC-2. Results are expressed as percent bound HS relative to mock-treated
controls. For further details, see the legend to Fig. 2A.
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ratios were higher for gB-1 than gB-2, suggesting that N-, 2-O-,
and 6-O-sulfate groups of heparin could be more important for
interaction with gB-1 than gB-2, or that the latter could show
preference for any two types of sulfates. Little differences were
observed between gC-1 and gC-2 (Fig. 6; Table 2). However,
an overall pattern of sensitivity to modified heparins of gC
homologs was different from that of gB molecules. In particu-
lar, less heparin (determined as IC50) was needed to inhibit gB
than gC binding; however, a significant proportion of binding
of gB to cells was insensitive to heparin. In addition, we found
some similarities between gB-2 and whole HSV-2 (with bind-
ing step at 4°C) patterns of sensitivity to modified heparins
(similar IC50s and incomplete inhibition of binding). Thus, our
results suggest that all three kinds of sulfate groups played a
role in interaction with both types of HSV in the order of
significance 2-O-sulfates 5 6-O-sulfates . N-sulfates. Because
IC50 ratios of modified heparins to native heparin were higher
for HSV-1 than HSV-2, it is likely that 6-O-, 2-O-, and to some
extent N-sulfate groups could be more important for interac-
tion with HSV-1 than HSV-2 (Table 2). A similar observation
regarding these two viruses was made earlier by others (13).

DISCUSSION

A number of type-specific differences have been reported for
the early interaction of HSV-1 and HSV-2 with cells. In addition
to having distinct preferential tropisms, these two viruses differ in
their sensitivity to polyanions (19) and polycations (24, 25), pref-
erence for specific structural features of HS/heparin chains (13),
binding to the C3b component of complement (8), and stimula-
tion of viral infection in glycosaminoglycan-deficient cells by dex-
tran sulfate (5). In the present investigation, we observed another
type-specific difference: purified HSV-2 virions bound fewer iso-
lated HS molecules than HSV-1 virions. Because the structures of
HS chains produced in particular cells are thought to be similar
(for a review, see reference 40), it is likely that physical abilities to
bind HS are greater for HSV-1 than HSV-2. However, the pos-
sibility that decreased binding of HS by HSV-2 could be attrib-
uted to the affinity of the virus for some rare structural features of
HS chains cannot be excluded. In addition, the binding experi-
ments in the presence of increased ionic strength revealed that
the binding of HSV-1 to cells is more dependent on relatively
nonspecific electrostatic forces than the attachment of HSV-2
virions. gC-2 appeared to mediate this characteristic binding of
HSV-2 to cells. The binding of HSV gC-negative mutants as well
as that of their putative attachment proteins, (gB homologs) was
found to rely on a substantial contribution of electrostatic forces.
Such the binding is known to be critically dependent on the ligand
concentration, a feature that may explain decreased infectivity of
the gC-negative mutant on heparinase-treated cells or efficient
binding of HS by gB homologs that occurred only at a high
concentration of protein.

In addition, our data could provide an explanation of other
HSV type-specific phenotypes, especially those associated with
greater sensitivity to polyanions of HSV-2 than of HSV-1. Be-
cause a likely mechanism of virus-HS interaction is binding of
negatively charged sulfate/carboxylate groups of HS chains to
positively charged HS-binding domains in the viral envelope gly-
coprotein gC and/or gB, our results suggest some basic differences
in an overall positive charge or a distribution of charges on the
surfaces of HSV-1 and HSV-2. In a viral plaque assay, we ob-
served that HSV-2 was more sensitive than HSV-1 to different HS
preparations. Hutton et al. (19) found that HSV-2 strains were
more sensitive than HSV-1 strains to several polyanionic sub-
stances of carbohydrate nature such as heparin, dextran sulfate,
and dermatan sulfate. This type-specific difference could, at least
in part, be related to our observation that HSV-2 virions bound
less HS than did HSV-1 virions. Thus, irrespective of the compe-
tition capacity of a particular compound, less HS or other polya-
nions might be necessary to saturate or block the HS-binding sites
on the HSV-2 than on the HSV-1 virion surface.

Both gB and gC molecules of the virus envelope could mediate
binding to HS (10, 14, 15). To understand the relative contribu-
tion of gB and gC for HSV attachment to cells, we tested the
binding of purified gB-1, gB-2, gC-1, and gC-2 to isolated HS
receptor molecules. gB-1 and gB-2 did not differ with respect to
the amount of HS bound. Similarly, gC-1 and gC-2 bound com-
parable amounts of HS (the HEp-2 cell-extracted gC-2 bound
slightly more HS than gC-1); however, these proteins exhibited
greater HS-binding capacities than gB homologs when tested at a
relatively low concentration of protein. Interestingly, even though
the potentials to bind to HS were similar for gB homologs and for
the gC homolog, purified HSV-1 virions, as noted before, bound
more HS than HSV-2 virions. Similar observations on the binding
of the C3b component of complement by purified viral compo-
nents and by HSV-infected cells were made earlier by others (6,
8, 34). While purified gC-1 and gC-2 bound C3b efficiently (6),
HSV-1-infected but not HSV-2-infected cells exhibited this activ-

FIG. 5. Infection of heparinase-treated cells by HSV wild-type and gC-neg-
ative mutant strains. GMK AH1 cells in six-well plates cells were pretreated with
the indicated number of heparinase Sigma units (1 IU corresponds to approxi-
mately 600 Sigma units) and then approximately 200 PFU of KOS 321, gC239,
or 333 or gC-neg1 was added. Values shown for HSV-2 are means of six repli-
cates from three separate experiments. For HSV-1, the results represent means
of two replicates from a single experiment.
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FIG. 6. Sensitivities of HSV-1, HSV-2, and purified gC and gB homologs to selectively desulfated heparin compounds. (A) HSV-1 and HSV-2 were preincubated
for 10 min at either 4 or 37°C in the presence of fivefold-increasing concentrations of N-, 2-O-, or 6-O-desulfated samples of heparin. Mixtures were transferred to GMK
AH1 cells and held for 1 h at either 4 or 37°C. The number of PFU is expressed as a percentage of the average number of plaques formed in the absence of competitor.
Two to three separate experiments were carried out in duplicate for each sample. (B) Purified gB-1, gB-2, gC-1, and gC-2 were preincubated for 10 min at 4°C in the
presence of 10-fold-increasing concentrations of modified heparin samples. The mixtures were transferred to GMK AH1 cells in 96-well plates and left for attachment
for 1 h at 4°C. Bound glycoproteins were detected by an ELISA-based procedure. Results are means of six replicates from two separate experiments.
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ity (8). These data together with the observation that the gC-2-
negative HSV-2 mutant bound to cells as efficiently as the wild-
type gC-2-positive strain (10) suggest that HS- and C3b-binding
potentials of gC-2 are not fully exhibited when this protein is
present in the HSV-2 background. In contrast to HSV-2-infected
cells, transfected cells expressing gC-2 on their surfaces bound
C3b efficiently, suggesting that an HSV-2-specific protein(s) may
shield and/or interact with gC-2, thus reducing its functions, al-
though induction of C3b receptor as a result of relative overex-
pression of gC-2 on transfected cells compared to virus-infected
cells cannot be excluded (41).

In our attempt to explain the reduced binding of HS by HSV-2
virions compared to HSV-1 particles, we focused on the structural
differences between gC-1 and gC-2. In gC-1, a major part of the
HS-binding domain was localized around the base of a small
amino-terminal Cys127-Cys144 loop (39) and was found to com-
prise several positively charged amino acids scattered between
residues 129 through 160 (51; K. Mårdberg, E. Trybala, J. C.
Glorioso, and T. Bergström, submitted for publication). Positively
charged amino acids in the gC-1 segment delimited by Lys114 and
Asp128 can also contribute to the virus binding to cells (49;
Mårdberg et al., submitted). An entire gC-1 segment that is lo-
cated N terminally to the HS-binding domain (amino acids 26
through 113) represents in fact a mucin-like region with 22 pre-
dicted O-glycosylation (12) and 5 N-glycosylation (9) sites. Of
these, no more than 13 O-glycosylation sites and at least 4 N-
glycosylation sites are occupied in baculovirus-expressed gC-1
(39). The HS-binding domain of gC-2 has not been localized.
However, by analogy to gC-1, positively charged amino acids
scattered around the base of Cys96-Cys113 loop, and a cluster of
basic residues between Arg66 and Lys72 are likely candidates. In
contrast to gC-1, the N-terminal part of gC-2 may not possess the
mucin-like structure (39), as in this region there are only four
predicted O-glycosylation sites (12), and none of them were de-
tected to be occupied in baculovirus-expressed gC-2 (39). Instead,
positively charged amino acids are scattered throughout the N-
terminal part of gC-2 (48). With these differences in mind, we
tested how different glycans would modify HS-binding abilities of
gC-1 and gC-2. Although electrophoretic analysis suggested that
gC-2 might contain more sialic acid residues than gC-1, removal
of this sugar had only a slight enhancing effect on the binding of
HS by both gC-1 and gC-2. Similarly, neuraminidase-treated
HSV-2 virions bound only slightly more HS molecules than the
sham-treated virions, suggesting that sialic acid was not the factor
that markedly masked this activity in HSV-2 virions. It was re-
ported that neuraminidase treatment of either HSV-1-infected
cells (44) or purified gC-1 and gC-2 (6) substantially enhanced
binding of complement component C3b. This treatment, how-
ever, did not unmask C3b receptor on HSV-2-infected cells (44).

Further, we found that O-glycanase treatment had little or no
effect on HS binding by gC-1 and gC-2, whereas removal of
N-glycans decreased binding activity by 40 to 50%. Similar results
were reported for studies on the effect of removal of these glycans
on binding of gC-1 to cells (49). As no enhancing effects were
observed, it is unlikely that either O- or N-linked glycans of gC-2
could down-modulate the binding of HS by HSV-2 virions. How-
ever, apart from modulation of biological activities, the mucin-
like domains may influence the structure of a protein. Thus, one
can speculate that due to absence of a mucin-like region in gC-2,
this protein may not adopt a long and slender morphology as was
reported for gC-1 (45), a structural feature that could affect its
attachment functions. In addition, one cannot exclude that the
N-terminal part of gC-2 could be a target for nonspecific inter-
actions due to the presence of multiple basic amino acids (calcu-
lated isoelectric points for gC-2 and gC-1 are 10.34 and 7.48,
respectively). In this regard, either expression of a limited number
of gC-2 copies or occurrence of gC-2 in complexes with other
HSV-2 proteins could be of benefit. Thus, differences in presen-
tation and/or quantity of gC copies in the virus envelope may
account for the reduced binding of HS by HSV-2 virions com-
pared to HSV-1 particles.

In this study, we observed that HSV-1 and HSV-2 virions dif-
fered with respect to the quantity of HS chains bound. Herold et
al. (13) observed some qualitative differences between suscepti-
bility of HSV-1 and HSV-2 to modified heparin compounds.
HSV-1 appeared to be less sensitive than HSV-2 to O-desulfated
heparin preparations, suggesting that 2-O- and 6-O-sulfate groups
of heparin or HS are important determinants for interaction with
HSV-1 (13). Here we confirmed this observation and extended
this approach to compare the abilities of selectively N-, 2- O-, and
6-O-desulfated heparin preparations to inhibit binding to cells of
purified gB-1, gB-2, gC-1, and gC-2. As noted before, O-sulfate
groups of heparin appeared to be more important for interaction
with gB-1 than gB-2. In addition the patterns of sensitivity to
modified heparins of gB homologs were distinct from those of gC
proteins. This finding, together with the observation that gB ho-
mologs bound fewer HS than gC molecules, suggests that these
proteins may contribute different functions in early virus-cell in-
teraction. Presumably these functions are balanced differently in
the two types of HSV. Given the presence in the HSV-1 envelope
of approximately 3,200 and 4,900 copies of gB-1 and gC-1, re-
spectively (11), and the length of HS chains exceeding 40 nm,
multiple gC-1 and gB-1 molecules are likely to interact with single
HS chain. It is noteworthy that gB, gC, and another HSV-1
protein gD were reported to function as oligomeric complexes in
the virus envelope (11). It has recently been reported that in
addition to gB and gC, gD-1 bound HS chains that had been
modified by 3-O-sulfotransferase isoform 3 and that this event
triggered HSV-1 entry into CHO cells (43). Prior gC- and/or
gB-mediated immobilization of HS chains on the virus sur-
face may help gD recognize the specific binding site on the
chain.
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