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The human cytomegalovirus (HCMV) glycoprotein B (gB) (also known as gpUL55) homolog is an important
mediator of virus entry and cell-to-cell dissemination of infection. To examine the potential ligand-binding
properties of gB, a soluble form of gB (gB-S) was radiolabeled, purified, and tested in cell-binding experiments.
Binding of gB-S to human fibroblast cells was found to occur in a dose-dependent, saturable, and specific
manner. Scatchard analysis demonstrated a biphasic plot with the following estimated dissociation constants
(Kd): Kd1, 4.96 3 1026 M; Kd2, 3.07 3 1027 M. Cell surface heparan sulfate proteoglycans (HSPGs) were
determined to serve as one class of receptors able to facilitate gB-S binding. Both HSPG-deficient Chinese
hamster ovary (CHO) cells and fibroblast cells with enzymatically removed HSPGs had 40% reductions in gB-S
binding, whereas removal of chondroitin sulfate had no effect. However, a significant proportion of gB-S was
able to associate with the cell surface in the absence of HSPGs via an undefined nonheparin component.
Binding affinity analysis of gB-S binding to wild-type CHO-K1 cells demonstrated biphasic binding kinetics
(Kd1, 9.85 3 1026 M; Kd2, 4.03 3 1028 M), whereas gB-S binding to HSPG-deficient CHO-677 cells exhibited
single-component binding kinetics (Kd, 7.46 3 1026 M). Together, these data suggest that gB-S associates with
two classes of cellular receptors. The interaction of gB with its receptors is physiologically relevant, as
evidenced by an inhibitory effect on HCMV entry when cells were pretreated with purified gB-S. This inhibition
was determined to be manifested at the level of virus attachment. We conclude that gB is a ligand for HCMV
that mediates an interaction with a cellular receptor(s) during HCMV infection.

Human cytomegalovirus (HCMV) is a ubiquitous herpesvi-
rus that is present in approximately 80% of the adult popula-
tion, as demonstrated by seroreactivity (3, 23). Primary HCMV
infection of persons with intact immune systems often results
in a self-limiting asymptomatic disease, while HCMV is a sig-
nificant human pathogen for immunocompromised individuals
that is often manifested as severe and debilitating sequelae (2).
Despite its importance as a pathogen, limited antiviral thera-
pies exist, due in part to a lack of detailed knowledge of the
virus lifecycle.

HCMV infection requires that a viral envelope glycopro-
tein(s) and the respective cellular receptor(s) engage in a
synchronized series of interactions, ultimately resulting in fu-
sion of the viral envelope with the plasma membrane. Initial
attachment of HCMV to permissive host cells is dependent
upon the presence of cell surface heparan sulfate proteo-
glycans (HSPGs) (14, 43). Heparin affinity chromatography
identified two HCMV glycoprotein complexes that possess the
ability to bind immobilized heparin (14, 26). The HCMV gly-
coprotein complex II (gC-II) was described to be the major
HCMV envelope protein complex retained on the heparin
matrix, while a lesser proportion of glycoprotein B (gB) (also
known as gpUL55) was bound (26). Due to the lack of a
manipulable genetic system for HCMV, to date there has been
no effective manner by which to evaluate independently the
functional relevance of heparin binding for gB or gC-II. This
initial heparin-dissociable binding state is rapidly converted to
a stable attachment, suggesting that HCMV absorption in-

volves a sequential association with multiple cellular receptors
(14). After stable attachment to the cell surface, a direct pH-
independent fusion event occurs between the viral envelope
and the plasma membrane (13). Two HCMV envelope glyco-
protein complexes, gB and gH-gL (also known as gpUL75-
gpUL115), are crucial components in mediating fusion events
required for subsequent virus entry. The identity of cellular
receptors for stable binding or of fusion facilitators is not
known, although a number of candidates have been proposed
(1, 28, 29, 52, 53).

HCMV gB is a 906-amino-acid protein encoded by the UL55
open reading frame (12, 16). The gB precursor is synthesized
as a 105-kDa protein, which matures into a 130- to 160-kDa
glycoprotein by acquiring N-linked glycosylation modifications
in the endoplasmic reticulum and Golgi network (6, 7). The
cellular protease furin cleaves the mature gB into two compo-
nents, a 93- to 116-kDa amino-terminal fragment and a 55-kDa
carboxy-terminal fragment (60). These two fragments have
been shown to associate as a disulfide-linked monomer (53, 54)
which is presented on the viral envelope as well as on the
surface of virus-infected cells as a covalently associated ho-
modimer (9). gB is the most abundant constituent of the viral
envelope and is a potent immunogenic HCMV protein (8, 35).

gB has the potential to be a multifunctional regulator of
HCMV entry. As described above, HCMV gB is a putative
viral ligand in that it possesses heparin-binding capacity (per-
haps critical in the initial attachment phase) and is involved in
virus penetration and cell-to-cell spread. Neutralizing anti-gB
monoclonal antibodies significantly blocked viral fusion events,
including penetration and cell-to-cell transmission, while viral
attachment remained unaffected (41). Similarly, U373 glioblas-
toma cells constitutively expressing gB formed multinucleated
syncytia, a process which was effectively precluded by the ad-
dition of neutralizing anti-gB antibodies (59). In an effort to
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address the receptor-binding properties of gB, we tested a
recombinant soluble form of gB (gB-S) in cellular binding
experiments. Previously, we showed that the gB-S protein re-
tained features attributable to the viral protein in that it was
dimeric, properly folded, and bound to a heparin affinity matrix
(11). Our results presented here demonstrate that gB-S does
exhibit conventional ligand properties and may engage more
than one class of receptors on the surfaces of both fibroblast
and wild-type Chinese hamster ovary (CHO) cells. Cell surface
HSPGs were determined to be one receptor for the recombi-
nant gB molecule, since gB-S binding was reduced when these
molecules were absent; however, a second HSPG-independent
binding site was also implicated. Treatment of cells with gB-S
inhibited virus entry and infection, supporting a physiological
relevance for the interaction of gB with its cellular receptor(s).

MATERIALS AND METHODS

Cell lines and virus. Immortalized fibroblasts (IF) (15) were cultured in
Dulbecco’s minimal essential medium (DMEM) (BioWhittaker, Walkersville,
Md.) supplemented with 5% fetal bovine serum (FBS) (HyClone, Logan, Utah),
1.0% penicillin-streptomycin-fungizone (PSF) (BioWhittaker), 0.3% L-glutamine
(BioWhittaker), and 100 mg of geneticin (Gibco BRL, Gaithersburg, Md.) per
ml. Wild-type CHO cells (CHO-K1) and glycosaminoglycan-deficient CHO mu-
tants pgsA-745 (CHO-745; xylosyl transferase deficient) and pgsD-677 (CHO-
677; N-acetylglucosaminyl [GlcNAc] transferase and glucuronosyl [GlcA] trans-
ferase deficient) have been described previously (18, 19). The CHO cell lines
were cultured in Ham’s F-12 medium (BioWhittaker) supplemented with 10%
FBS, PSF, and L-glutamine. Adherent cultures of Trichoplusia ni (TN-5) insect
cells (11) were cultured in ExCell 401 medium (JRH Biosciences, Lenexa, Kans.)
supplemented with 5% FBS and PSF. HCMV AD169 was grown and titered on
IF cells as previously described (15). A recombinant strain of Autographa cali-
fornica nuclear polyhedrosis virus encoding amino acids 1 to 692 of the gB
homolog from the AD169 strain of HCMV (BV-gB-S) was grown and titered as
previously described (11).

Purification of radiolabeled gB-S. TN-5 cells were infected with BV-gB-S (11)
at a multiplicity of infection (MOI) of 8. Two days postinfection, the infected cell
monolayer was methionine starved for 1 h in the presence of Insect-Xpress
without L-methionine (BioWhittaker). EXPRE35S35S protein labeling mix (Du-
Pont NEN, Boston, Mass.), containing both [35S]methionine and [35S]cysteine,
was added at a final concentration of 50 mCi of [35S]methionine per ml. Four
days postinfection, the infected cells were harvested and cellular debris was
removed via centrifugation at 1,200 3 g at 4°C. Secreted gB-S was purified from
the tissue culture supernatant by a two-step chromatography protocol. Superna-
tant containing gB-S was passaged over an immobilized heparin column, and the
bound proteins were eluted with 0.65 M sodium chloride. After adjustment of the
salt concentration to 0.1 M, the heparin eluate was applied to nickel-nitrilotri-
acetic acid (NTA) agarose beads (Qiagen, Valencia, Calif.). The nickel column
was washed successively with 10 volumes of binding buffer (100 mM NaPO4–10%
glycerol, pH 7.8), followed by 3 volumes of pH wash buffer (50 mM NaPO4–10%
glycerol, pH 6.0) and 3 volumes of 15 mM imidazole buffer (50 mM NaPO4–300
mM NaCl–10% glycerol–15 mM imidazole, pH 7.0). gB-S was eluted from the
column with 0.5 M imidazole (500 mM NaPO4–300 mM NaCl–0.5 M imidazole–
10% glycerol, pH 6.0). The samples were dialyzed against 13 phosphate-buffered
saline (PBS [10 mM NaPO4–140 mM NaCl, pH 7.4]) overnight at 4°C. The
protein concentration was determined by Bradford analysis (Bio-Rad, Hercules,
Calif.). The specific activity of the purified [35S]gB-S ranged from 106 to 377
cpm/mg of protein.

SDS-PAGE analysis and immunoblotting. gB-S samples eluted from the Ni21-
NTA column were separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) in the absence of reducing agents, as previously de-
scribed (11, 24). To visualize the radiolabeled protein samples, the gel was fixed
in 25% methanol–7.5% acetic acid, washed briefly in 20% methanol, and sub-
sequently incubated in Fluoro-Hance (Research Products International, Mount
Prospect, Ill.) prior to drying and exposure to film. Immunoblotting experiments
were performed with an anti-gB monoclonal antibody (27-78) (5) followed by
incubation with a goat anti-mouse antibody conjugated to horseradish peroxidase
(HRP) (Pierce, Rockford, Ill.), and the LumiGLO HRP substrate kit (Kirkeg-
aard & Perry Laboratories, Inc., Gaithersburg, Md.) was used to detect the
peroxidase conjugates.

Protein-binding assay. IF cells were chilled to 4°C and treated with 5 mM
ovalbumin diluted in PBS–1% FBS–0.1 mM CaCl2 (PBS-GC) for 30 min to block
nonspecific binding. The gB-S protein was diluted in PBS-GC, added to the cell
monolayers, and incubated for 90 min at 4°C. Unbound gB-S was removed, and
the cells were washed twice with PBS-GC and subsequently lysed in 1% SDS–1%
Triton X-100. Both unbound and bound fractions were subjected to scintillation
counting. Experiments for all data points were performed in duplicate or tripli-
cate. For some experiments, IF cell monolayers were treated with increasing

concentrations of heparinase or chondroitinase ABC (Sigma, St. Louis, Mo.) for
60 min at 37°C prior to the binding assay described above.

Purification of radiolabeled virions and attachment assay. Virus attachment
was quantified by using radiolabeled virions, as previously described (44). Briefly,
at 4°C, IF cells were incubated with increasing concentrations of nonradiolabeled
gB-S or 10 mg of heparin per ml for 90 min, after which labeled virions were
added (approximately 1,000 PFU/cell and 8.7 3 104 cpm/well). Unbound virions
were removed, and the cells were subsequently lysed in 1% SDS–1% Triton
X-100, and both unbound and bound fractions were subjected to scintillation
counting.

Virus entry assay. IF cells were grown on glass coverslips in 12-well plates.
After chilling of the cells at 4°C, increasing concentrations of nonradiolabeled
gB-S, bovine serum albumin (BSA) (Sigma), or 10 mg of heparin per ml was
added for 60 min. HCMV AD169 was added to the cells (MOI 5 0.1) and
allowed to adsorb for 90 min. After a 30-min temperature shift to 37°C to allow
for virus penetration, a low-pH citrate buffer (40 mM citric acid–10 mM KCl–135
mM NaCl, pH 3.0) was added to inactivate any extracellular virus. The cells were
incubated in DMEM–2% FBS for 24 h. Immunofluorescence analysis was per-
formed as previously described (14) with a rabbit anti-IE antibody, followed by
detection with a fluorescein-conjugated goat anti-rabbit secondary antibody
(Kirkegaard & Perry Laboratories, Inc.) in combination with nuclear staining via
10 mg of Hoechst dye per ml. Experiments for all data points were performed in
duplicate with a minimum of 500 cells per coverslip scored.

RESULTS

Binding of gB-S to fibroblast cells. We have previously de-
scribed the production and structural characterization of a
truncated, soluble form of the HCMV gB protein (gB-S) (11).
This recombinant form of gB (amino acid residues 1 to 692)
lacks the putative transmembrane and cytoplasmic domains,
resulting in efficient secretion into the tissue culture media.
The purified gB-S retained many features attributable to the
viral gB molecule, including proper folding, dimer formation,
and the ability to bind immobilized heparin (11). SDS-PAGE
analysis and autoradiography demonstrated that the purified
gB-S was a heterogeneous preparation consisting of primarily
monomeric and dimeric gB structures (Fig. 1). Some reduction
of intrachain disulfide bonds occurred during purification,
since a small fraction of the gB-S carboxy-terminal fragment
(32 kDa) was detected.

To test potential ligand properties of gB, binding assays were

FIG. 1. Purity of [35S]gB-S. Eluates from the Ni21-NTA column were sub-
jected to SDS-PAGE analysis under nonreducing conditions on a 7.5% acryl-
amide gel. Lane 1 shows a [35S]gB-S sample that was electrophoresed, trans-
ferred to nitrocellulose, probed with an anti-gB monoclonal antibody (27-78),
and detected with a secondary goat anti-mouse HRP-conjugated antibody in
conjunction with a chemiluminescent substrate. Lane 2 shows a [35S]gB-S sample
that was electrophoresed, after which the gel was dried, fixed, and exposed to
film.
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conducted with purified, radiolabeled gB-S protein. Time
course analysis demonstrated that binding of gB-S to fibroblast
monolayers reached equilibrium by approximately 90 min, a
time frame consistent with HCMV adsorption (Fig. 2). Binding
of gB-S to fibroblast monolayers was a dose-dependent event
(Fig. 3), which approached saturation at high concentrations of
protein (5 mg/ml). These results mirror dose response curves
generated with HCMV virions (58), suggesting a high abun-
dance of cellular receptors. Transformation of the data from
Fig. 3 into a Scatchard plot demonstrated a classic biphasic plot
with low and moderate affinities, with the following estimated
dissociation constants (Kd): Kd1, 4.96 3 1026 M; Kd2, 3.07 3
1027 M (Fig. 3 [inset]). It was estimated that there are 2.8 3
106 low-affinity binding sites per cell and 4.99 3 105 moderate-
affinity receptors per cell (Table 1). To address the specificity
of gB-S binding to fibroblast monolayers, homologous compe-

FIG. 2. Time course analysis. IF cells were cultured in a 96-well plate and
chilled to 4°C, and nonspecific binding sites were blocked for 30 min at 4°C by the
addition of 5 mM ovalbumin in PBS-GC. A constant concentration of [35S]gB-S
(0.5 mg/ml) was incubated with the cell monolayer for increasing increments of
time. At the conclusion of the designated time, unbound [35S]gB-S was removed,
the cells were washed twice with PBS-GC, and the cells containing the bound
gB-S were lysed by the addition of 1% SDS–1% Triton X-100. Experiments for
all data points were performed in triplicate. The specific activity of the [35S]gB-S
preparation used for this experiment was 153.55 cpm/mg of protein.

FIG. 3. Dose response binding curve. IF cells cultured in a 24-well plate were chilled and blocked at 4°C. Increasing concentrations of [35S]gB-S, diluted in PBS-GC,
were added to the cell monolayers and incubated for 90 min at 4°C. Unbound and bound fractions were collected and subjected to scintillation counting. Experiments
for all data points were performed in duplicate. Bars represent standard deviations. The specific activity of the [35S]gB-S preparation used for this experiment was 267
cpm/mg of protein. On the basis of the specific activity of the [35S]gB-S preparation, the amounts of total input and free and bound proteins were determined and
subjected to Scatchard analysis (49). Shown in the inset are lines representing the best fits as determined by a linear regression analysis. The experiment was repeated
several times with consistent results.

TABLE 1. Binding affinity constants and numbers
of binding sites/cell

Cell type Kd (1027 M) No. of binding sites/cell (106)

IF 49.6a 2.8
3.07b 0.499

CHO-K1 98.5a 41.5
0.403b 3.46

CHO-677 74.6 91.9

a Kd1.
b Kd2.
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tition assays were performed with a constant concentration of
radiolabeled gB-S and increasing concentrations of nonradio-
labeled gB-S. In the presence of a 100-fold molar excess of
nonradiolabeled gB-S, binding of radiolabeled gB-S was sig-
nificantly and reproducibly reduced, indicating that binding of
gB-S is specific (Fig. 4).

Cell surface HSPG molecules are receptors for gB-S.
HSPGs are known HCMV attachment receptors (14, 43), and
it is likely that gB and a component of the gC-II complex are
responsible for this interaction. Heparin affinity chromatogra-
phy analysis indicated that these two HCMV envelope glyco-
protein complexes are capable of binding to immobilized hep-
arin, with the gC-II complex being the primary HSPG ligand,
while it is postulated that gB is only a minor heparin-binding
protein. (14, 26). However, it has never been experimentally
demonstrated that either of these two glycoprotein complexes
bind to cell surface HSPGs. To determine if cellular HSPGs
are engaged by gB-S, fibroblast monolayers were treated with
increasing concentrations of heparinase (removes heparin) or
chondroitinase (removes chondroitin sulfate [CS]). As shown
in Fig. 5, enzymatic removal of HSPGs diminished binding of
gB-S by approximately 40 to 50%, while treatment with chon-
droitinase had no appreciable affect on gB-S binding. Parallel
virus entry assays were performed under the identical condi-
tions. In heparinase-treated cells, virus infection was reduced
by 95% compared to untreated cells, whereas virus entry was
unaffected in chondroitinase-treated cells (data not shown).
These results demonstrate that the enzymatic treatment was
effective and suggests that cellular HSPGs, but not CS proteo-
glycans (CSPGs), are indeed one class of cellular receptors
capable of engaging the gB-S ligand. However a nonheparin
component is additionally recognized, as demonstrated by the
retention of gB-S binding in the absence of heparin molecules.
We also examined gB-S binding to CHO cell line mutants
which are defective in the biosynthesis of various glycosami-

noglycan chains. The CHO-745 cell line, due to a defect in
xylosyl transferase activity, expresses only about 1% of the
normal levels of glycosaminoglycans compared to wild-type
CHO-K1 cells, whereas the CHO-677 cell line (GlcNAc and
GlcA deficient) produces no detectable levels of heparan sul-
fate but elevated levels of CS compared to CHO-K1 cells (18,
19). Binding of gB-S to both the CHO-K1 and CHO-677 cells
was found to occur in a dose-dependent and saturable manner
(Fig. 6). Overall, gB-S binding to the CHO-745 and CHO-677
cell lines was maximally reduced approximately 40 to 50%
compared to wild-type CHO-K1 cells (data not shown), con-
sistent with the results obtained by enzymatic removal of cell
surface heparan sulfate (Fig. 5). Also similar to the fibroblast
cells, gB-S binding to CHO-K1 cells demonstrated dual bind-
ing kinetics, with the following estimated dissociation con-
stants: Kd1, 9.85 3 1026 M; Kd2, 4.03 3 1028 M. Conversely,
gB-S binding to CHO-677 cells exhibited single binding kinet-
ics, with an estimated Kd of 7.46 3 1026 M (Fig. 6 [inset]). It
was estimated that on CHO-K1 cell surfaces, there are 4.15 3
107 low-affinity receptors per cell and 3.46 3 106 high-affinity
receptors per cell (Table 1). On CHO-677 cell surfaces, it was
estimated that there are 9.15 3 107 gB-S receptors per cell.

Inhibition of virus entry by gB-S. In efforts to determine if
the interaction of gB-S with cell surfaces is biologically rele-
vant, fibroblast cells were cultured on glass coverslips and
treated with increasing concentrations of nonradiolabeled
gB-S at 4°C for 1 h. HCMV was allowed to incubate with the
gB-S-pretreated cells for 90 min at 4°C; the cells were then
warmed to 37°C, after which a low-pH buffer was added to the
cells. Twenty-four hours postinfection, the cells were processed
for immunofluorescence to assess the expression of the major
immediate early protein p72, the first protein to be synthesized
in infected cells. As increasing concentrations of gB-S were
added, the ability of HCMV to initiate viral infection was
diminished by approximately 70% compared to the untreated
control (Fig. 7). Treatment of cells with identical concentra-

FIG. 4. Homologous competition assay. A constant concentration of [35S]
gB-S (0.2 mg/ml) was added to IF cells in the presence of increasing concentra-
tions of nonradiolabeled gB-S for 90 min at 4°C. Each data point represents the
average of duplicate wells. Bars represent standard deviations. The specific
activity of the [35S]gB-S preparation used for this experiment was 230 cpm/mg of
protein. Nonspecific binding was determined by the addition of a 100-fold molar
excess of nonradiolabeled gB-S and was determined to be 21%. Nonspecific
binding was deducted from each data point prior to graphing.

FIG. 5. Binding of [35S]gB-S in the absence of HSPGs. IF cell monolayers
were treated with increasing concentrations of heparinase (h) or chondroitinase
ABC (}) for 60 min at 37°C. Binding assays were conducted for 90 min with 0.5
mg of [35S]gB-S per ml diluted in PBS-GC. Each data point represents the
average of duplicate wells. Bars represent standard deviations. The specific
activity of the [35S]gB-S preparation used for this experiment was 368.05 cpm/mg
of protein.
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tions of BSA had no effect on virus entry, implying that the
block in HCMV entry is specifically attributed to the engage-
ment of a necessary HCMV cellular receptor by gB-S and is
not simply protein-mediated interference.

To assess if the block in entry occurred at the initial attach-
ment phase or the subsequent penetration event, cells were
incubated with increasing concentrations of nonradiolabeled
gB-S prior to and during the addition of radiolabeled HCMV
virions. As depicted in Fig. 8, HCMV adsorption is hindered in
a dose-dependent fashion as the concentration of gB-S in-
creases. This implies that gB-S recognizes and occupies a cell
surface molecule(s) that functions as an HCMV attachment
receptor. Although gB has been identified as functioning in the
penetration and fusion of the virion, its function in early bind-
ing events is a novel role.

DISCUSSION

A gB homolog has been identified in all herpesviruses ex-
amined to date. This conservation of gB is manifested at both
a structural and a functional level. However, concerning the
sequences of the gB proteins of the different subfamilies, it is
predicted that unique features also exist. For example, be-
tween the three subclasses of herpesviruses (alpha, beta, and
gamma), the level of gB homology is only 30 to 40% at the
amino acid level (45). Neighbor-joining analysis revealed that
the gBs of the alphaherpesviruses clustered very closely to-
gether in a dendrogram while the two HCMV gB molecules
(from strains AD169 and Towne) were clustered close to each
other but quite distinct from both the alphaherpesviruses and
the gammaherpesviruses (17). Most of the significant homol-

FIG. 6. Saturable binding of gB-S to CHO cell monolayers. CHO-K1 (h) and CHO-677 (}) cells were cultured in a 96-well plate, chilled, and blocked at 4°C.
Increasing concentrations of [35S]gB-S were added to the cell monolayers, which were incubated for 90 min at 4°C. Unbound and bound fractions were collected and
subjected to scintillation counting. Experiments for all data points were performed in triplicate. Bars represent standard deviations. The specific activity of the [35S]gB-S
preparation used for this experiment was 320.5 cpm/mg of protein. On the basis of the specific activity of the [35S]gB-S preparation, the amounts of total input and free
and bound proteins were determined and subjected to Scatchard analysis (49). Shown in the inset are lines representing the best fits as determined by a linear regression
analysis.

FIG. 7. HCMV infection is decreased in the presence of gB-S. IF monolayers
cultured on glass coverslips in a 12-well plate were chilled to 4°C. Increasing
concentrations of nonradiolabeled gB-S (h), BSA (}), or 10 mg of heparin per
ml were allowed to incubate with the cells for 60 min at 4°C. Virus was added to
the cells (MOI 5 0.1) and allowed to absorb for 90 min at 4°C. After a 30-min
temperature shift to 37°C, a low-pH citrate buffer was added to inactivate any
extracellular virus. At 24 h postinfection, immunofluorescence staining was per-
formed with a rabbit anti-IE antibody followed by the secondary goat anti-
rabbit–fluorescein conjugate in combination with Hoechst dye. Experiments for
all data points were performed in duplicate, and a minimum of 500 cells per
coverslip were scored. Bars represent standard deviations.
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ogy is clustered at the carboxy termini of the molecules, while
the amino termini are very divergent (17, 45, 48). A second
reason to predict unique functional activities for the HCMV
gB protein pertains to distinct biological patterns of infection
in humans. In contrast to the alphaherpesviruses, HCMV in-
fects deep tissues, such as liver, spleen, kidney, and lung (2).
Thus, each gB protein must be evaluated independently before
prescribed functional properties can be defined.

Two distinct, complementary experimental approaches are
used to study the structure and function of herpesvirus genes.
Genetic deletions, or knockouts, have proven very useful in
determining the essentialness of individual genes. To this end,
all gB molecules examined to date, including that of HCMV,
have been demonstrated to be essential components in the
replication cycle (4, 10, 21, 41). More recently, viral recombi-
nants containing different gBs have been used to identify cross-
complementation. For example, within the alphaherpesviruses,
some complementation has been demonstrated (30, 37–39,
47). Analysis of herpes simplex virus type 1 (HSV-1) recombi-
nants containing the gBs of both HSV-1 and bovine herpesvi-
rus 1 (BHV-1) have indicated that BHV-1 gB may function in
HSV-1 infectivity (39). HSV-1 containing null mutations in gB
can also be complemented by pseudorabies virus (PrV) gB
(37), whereas the reverse is not true. PrV containing a gB null
mutation can be complemented by BHV-1 gB either by growth
on a BHV-1 gB-expressing cell line or by insertion of BHV-1
gB into the PrV viral genome (30, 46). In contrast, a BHV-1 gB
null mutant is unable to be complemented by PrV gB (38).
These findings suggest that even within this group of highly
conserved gBs, unique functional features exist in conjunction
with shared properties. When complementation between the
gB molecules from different subfamilies was examined, no
complementation at all was found (33). Specifically, neither the
HCMV gB nor the HSV gB gene sequences are able to restore
the infectivity of an Epstein-Barr virus (EBV) gB-null strain,
nor is gB from EBV or HCMV able to complement a strain of
HSV lacking gB (33). These results suggest that although gB
proteins are conserved among the family, each herpesvirus
contains a unique gB protein that functionally fills a particular
niche.

The use of recombinant soluble versions of putative viral

ligands is a powerful tool for assessing the role of cellular
receptor-viral ligand interactions. Perhaps the most well char-
acterized is the specificity of human immunodeficiency virus
gp120 for T-lymphocyte CD4 molecules (31, 32, 36). A soluble
recombinant version of gp120 binds with high affinity to CD4-
expressing cells displayed in a single-component binding curve
with an approximate Kd of 4 3 1029 M (32). Similar values for
the gp120-CD4 dissociation constant were obtained when sol-
uble secreted CD4 was reacted with recombinant gp120 (51).
For the human herpesviruses, it is well established that the
EBV gp350/220 is a ligand for the B-cell-specific CR2 receptor
and that the interaction between these two components is
essential and sufficient for B-cell infection (42, 56, 57). Use of
a recombinant truncated EBV gp350/220 molecule generated a
biphasic Scatchard plot with an estimated Kd1 of 1.2 3 1028 M
and a Kd2 of 3.3 3 1027 M, with the number of high-affinity
gp350/220 binding sites approximating the number of anti-CR2
monoclonal antibody binding sites (57). Similarly, there are a
several reports on the construction, characterization, and bio-
chemical analysis of both truncated and full-length forms of
three HSV envelope glycoproteins, gB, gC, and gD (20, 50, 55).
Characterization of a soluble HSV-1 gC demonstrated that gC
functions solely during the attachment phase, that it interacts
with cell surface HSPG molecules, and that it binds in a dose-
dependent, saturable manner (55). In contrast, incubation of
cells with soluble HSV-1 or HSV-2 gD (gDt-1 and gDt-2,
respectively) provided no protection from viral attachment;
however, viral penetration was strictly inhibited (25). Binding
of these recombinant proteins occurred in a dose-dependent,
saturable, and specific manner, with estimated dissociation
constants of 2.6 3 1027 M for gDt-1 and 2.3 3 1027 for gDt-2
(25). These early data support the recent finding that recom-
binant gD can associate with a soluble version of a cellular
protein that can mediate HSV entry (HVEM) (40, 61). En-
zyme-linked immunosorbent assay analysis demonstrated that
gD binds to HVEM with an affinity in the micromolar range, a
rate of kinetics similar to that demonstrated with our recom-
binant HCMV gB.

Specific analysis of recombinant forms of various gB mole-
cules reflects the diversity observed with cross-complementa-
tion experiments. For example, soluble HSV-2 is unable to
block HSV infection and has yet to demonstrate any ligand
characteristics (25), in spite of the fact that gB can engage
HSPGs when gC is absent (22). A recombinant BHV-1 gB
homolog which possesses the transmembrane and cytoplasmic
regions had a major inhibitory effect in blocking virus entry,
whereas the soluble form was inert in this capacity, implying at
least for BHV-1, that the gB homolog has the potential to
function in a multitude of interactions between the virus and
the cell surface (34). Our results on HCMV gB also reflected
dual binding properties, with some notable differences from
those observed with the BHV-1 homolog. For instance, dual
affinities were detected with the soluble form of HCMV gB,
suggesting that a membrane orientation is not needed to en-
gage its receptor(s) or to block infection.

With its proposed roles in both virus attachment and pene-
tration, it is not unexpected that HCMV gB possesses proper-
ties of a true viral ligand. Binding of gB-S to fibroblast mono-
layers exhibited criteria of known receptor-ligand interactions:
saturability, specificity, affinity, and induction of a measurable
physiological response. At least two classes of cellular recep-
tors are able to mediate binding of gB-S. Although it has been
shown previously that gB binds immobilized heparin (14, 26),
this is the first description of the affinity of gB for HSPG
molecules localized on the cell surface. Our data suggest that
binding of gB is specific for heparan sulfate moieties, not all

FIG. 8. Soluble form of gB blocks HCMV attachment. IF cells were treated
with increasing concentrations of gB-S or 10 mg of heparin per ml for 60 min,
after which [35S]methionine gradient-purified HCMV virions were added for 90
min. All samples were tested in triplicate.
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glycosaminoglycans in general, since removal of CS (Fig. 5)
had no effect on binding, and that elevated levels of CS on
CHO-677 cell surfaces do not affect gB-S binding ability (data
not shown). In addition, binding curves to the GAG-deficient
CHOs demonstrated that gB-S retained its propensity to act as
a viral ligand and that the binding kinetics of the recombinant
protein are shifted to a single-component binding curve, indi-
cating that gB-S binds to at least one class of heparin-indepen-
dent molecules. Interestingly, the ability of gB-S to bind in the
absence of HSPGs does not mirror HCMV virions’ absolute
requirement for HSPG for attachment (14, 43), supporting the
conclusion that the HCMV envelope complex, gC-II, is the
principle mediator of virus attachment to HSPGs (26, 27).
Since the gC-II complex is incompletely defined genetically,
confirmation of the independent contributions of gB and gC-II
await further genetic analysis. Further efforts are also aimed at
the identification of cellular gB-binding partners. Work from
our laboratory has recently demonstrated a direct interaction
between HCMV gB and cellular annexin II (46), and experi-
ments are currently under way to determine if this interaction
is relevant in binding of gB to cells in the absence of HSPGs.
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