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SUSAN KEAY'-?* AN»D BRENDA BALDWIN?

Research Service, The Department of Veterans Affairs Medical Center,* and Division of Infectious Diseases,
Department of Medicine, University of Maryland School of Medicine,? Baltimore, Maryland 21201

Received 17 March 1992/Accepted 30 April 1992

A human embryonic lung (HEL) cell receptor for gp86 of human cytomegalovirus that functions in virus-cell
fusion was further characterized. Anti-idiotype antibodies that mimic gp86 were used to immunoprecipitate the
92.5-kDa fibroblast membrane receptor for gp86, which was preincubated with various endoglycosidases. The
receptor, which has a pI ranging from 5.3 to 5.6, appears to be a glycoprotein with primarily N-linked sugar
residues, some of which have high concentrations of mannose and some of which are complex oligosaccharides.
Western blots (immunoblots) of electrophoretically transferred receptor incubated with various biotinylated lectins
confirmed the presence of sugar moieties, including N-acetylglucosamine, glucose or mannose, and galactose, but
not fucose or N-acetylgalactosamine. This gp86 receptor from uninfected HEL cells also incorporated radiolabeled
phosphate from orthophosphoric acid, indicating that it is a constitutively phosphorylated receptor.

Herpesviruses, including human cytomegalovirus (HCMV),
infect cells by a series of processes including attachment,
fusion of viral envelope with the cell membrane, and transpor-
tation of the capsid to the nuclear membrane. The mechanisms
by which each stage of infection takes place are unknown. At
least three cellular receptors for HCMV have been identified:
class I human leukocyte antigen (HLLA) molecules, which may
serve as cell surface receptors for HCMYV to which B-2 micro-
globulin is bound (8); a 92.5-kDa fibroblast membrane protein,
which appears to be a specific receptor for gp86 on the virion
envelope (14); and 30-kDa (26) and 32- and 34-kDa (2) proteins
to which HCMYV binds. By attempting to block specific phases
of HCMYV infectivity with the anti-idiotype antibodies that we
used to identify the 92.5-kDa fibroblast membrane receptor for
gp86 (14, 15), we recently showed that both gp86 and its
receptor appear to be involved in the process of HCMYV fusion
with the cell membrane but do not appear to be primary
mediators of HCMV attachment (13).

The membrane proteins involved in fusion of enveloped
viruses with eucaryotic cells are of particular importance
because of their role in viral infectivity. Moreover, these
proteins are also of interest because an understanding of the
mechanism by which they mediate or allow virus-cell fusion
may help us to also understand intracellular and intercellular
membrane fusion events (11, 28).

Although specific fusion proteins on the surface of several
enveloped virions have been identified, most of these viruses
can fuse with liposomes in the absence of specific cell
membrane receptors (11, 16, 28). This appears to be partic-
ularly true for viruses that enter cells through a low-pH-
dependent mechanism of entry following endocytosis. How-
ever, certain viruses, particularly those that undergo pH-
independent fusion directly at the cell membrane, appear to
require specific host factors for viral fusion (28). In the case
of human immunodeficiency virus 1 (HIV-1), a specific
segment of the CD4 receptor appears to be required for viral
fusion and entry (5, 9).

We have now further characterized the 92.5-kDa receptor
for gp86 of HCMYV receptor in an effort to learn more about

* Corresponding author.

4834

its possible mechanism of action. This report presents evi-
dence, based on endoglycosidase sensitivity and lectin bind-
ing, that the receptor is a glycoprotein. In addition, because
certain cell membrane receptors such as CR2 (the C3d
Epstein-Barr virus receptor) and CD4 (the HIV-1 receptor)
appear to be activated by phosphorylation (1, 6), we at-
tempted to determine by [*“PJorthophosphoric acid incorpo-
ration whether the 92.5-kDa receptor is also phosphorylated.

2

MATERIALS AND METHODS

Cell culture. Human embryonic lung (HEL-299) fibro-
blasts were obtained from the American Type Culture Col-
lection (CCL-137) and maintained in culture as previously
described (13, 14). CCRF-SB cells were obtained from the
American Type Culture Collection (CCL-120) and main-
tained in RPMI 1640 medium with 10% fetal calf serum.

Antibodies. An anti-idiotype antibody (4-3-5) that mimics
gp86 of HCMV was generated, characterized, and affinity
purified as described elsewhere (15). BALB/c immunoglob-
ulin M (IgM) control antibody was obtained from Southern
Biotechnology Associates, Birmingham, Ala., and affinity
purified by the same method as the anti-idiotype antibody.
Anti-HLA class I heavy-chain determinant was obtained
from Pel Freez, Brown Deer, Wis.

Radiolabeling of cell membrane proteins. Confluent HEL
monolayers were labeled with 3?P by a modification of a
procedure described elsewhere (21). Approximately 107 cells
were preincubated at 37°C for 1 h in phosphate-free buffer
(10 mM Tris acetate, 150 mM NaCl, 5 mM KCIl, 1.8 mM
glucose, 5 mM MgCl,, and 2 mM glutamine [pH 7.4]). This
buffer was removed, phosphate-free buffer containing 1 mCi
of [*2P]orthophosphoric acid (New England Nuclear, Wilm-
ington, Del.) was added to each flask, and the mixture was
incubated at 37°C for an additional 3 h. Following 32P
labeling, the cells were rinsed three times in phosphate
buffer (137 mM NaCl, 2.6 mM KCl, 1.4 mM KH,PO,, 8.6
mM NaH,PO,, pH 7.2), scraped into 10 ml of the phosphate
buffer, and pelleted. The phosphate buffer was removed, and
the pellet was lysed on ice in 100 pl of buffer containing 25
mM NaCl, 5 mM MgCl,, 25 mM Tris HCI (pH 7.4), 2%
Nonidet P-40, and 1 mM phenylmethylsulfonyl fluoride.
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Following centrifugation at 1,500 rpm (200 X g) for 20 min,
the supernatant was removed and further centrifuged at
40,000 rpm (125,000 x g) for 70 min at 4°C. The supernatant
was again removed and stored at —70°C.

Immunoprecipitation. 3?P-labeled solubilized HEL cell
membrane proteins were incubated with affinity-purified
4-3-5 or IgM control antibody (200 p.g/107 cells) at 37°C for 2
h and then further incubated with 200 pl of rat anti-mouse
IgM-Sepharose (Zymed Laboratories, South San Francisco,
Calif.) at 37°C for 1.5 h. Beads were pelleted, rinsed,
resuspended in denaturing sample buffer, and boiled for 3
min, as previously described (14).

Endoglycosidase treatment. Immunoprecipitated cell mem-
brane proteins were diluted 1:5 in the appropriate buffer for
each endoglycosidase according to the manufacturer’s in-
structions (Boehringer Mannheim, Indianapolis, Ind.) in a
37°C water bath overnight; controls were run in the same
buffer without the addition of enzyme. Preparations treated
with endoglycosidase D and O-glycanase were pretreated
with neuraminidase for 5 h at 37°C and acetone precipitated
on ice. After endoglycosidase treatment, protein from all
tubes was acetone precipitated and then resuspended in
denaturing sample buffer and subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

PAGE. One-dimensional SDS-PAGE was performed with
7.5% polyacrylamide gels under denaturing conditions or
10% polyacrylamide gels under nondenaturing conditions, as
previously described (14). Two-dimensional SDS-PAGE was
performed by a modification of O’Farrell’s method (20),
using 10% polyacrylamide nondenaturing gels in the second
dimension.

Western blots (immunoblots). For lectin-binding studies,
receptor was purified by electroelution from 10% native
polyacrylamide gels with a Hoefer (San Francisco, Calif.)
electroelution apparatus according to the manufacturer’s
instructions, run on a 10% native polyacrylamide gel, and
blotted onto nitrocellulose under native conditions, as pre-
viously described (14). The nitrocellulose membranes were
then blocked with 2% polyvinylpyrrolidone-40 (Sigma, St.
Louis, Mo.) in phosphate-buffered saline (PBS) overnight at
4°C, rinsed with PBS, and further incubated with various
biotinylated lectins (Vector Laboratories, Burlingame, Calif.)
at 37°C for 2 h with rocking. After additional rinses in PBS,
the membranes were further incubated with horseradish per-
oxidase-labeled avidin (Vector Laboratories) at 37°C for 2 h,
rinsed, and developed with a-chloronaphthol (Sigma).

For isoelectric point determination, cell membrane pro-
teins were separated by two-dimensional SDS-PAGE and
transferred to nitrocellulose membranes under nondenatur-
ing conditions. The blotted proteins were then incubated
with 4-3-5 or control BALB/c IgM antibody at 37°C for 2 h,
rinsed with PBS, and further incubated with horseradish
peroxidase-conjugated goat anti-mouse IgM (Zymed Labo-
ratories) at 37°C for 2 h. Following final rinses with PBS, the
blots were developed with a-chloronaphthol.

RESULTS

Effect of endoglycosidase treatment on the 92.5-kDa recep-
tor. Radiolabeled receptor was immunoprecipitated by 4-3-5
from solubilized HEL cell membrane proteins and subse-
quently treated with endoglycosidase F (to remove both
high-mannose and complex N-linked oligosaccharides), en-
doglycosidase H (to remove high-mannose N-linked oli-
gosaccharides), or neuraminidase (to remove sialic acid
residues). Following neuraminidase treatment, some prepa-
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FIG. 1. Endoglycosidase treatment of the 92.5-kDa receptor.
Radiolabeled receptor was immunoprecipitated and treated with
various endoglycosidases, and its subsequent apparent molecular
weight was determined by SDS-PAGE and autoradiography. Lanes:
Ctr, untreated control; F, endoglycosidase F; D, endoglycosidase
D; H, endoglycosidase H; N, neuraminidase; O, O-glycanase.

s

rations of receptor were further treated with endoglycosi-
dase D (to remove complex N-linked oligosaccharides) or
O-glycanase (to remove O-linked oligosaccharides). Analy-
sis by SDS-PAGE showed that receptor pretreated with
endoglycosidase F was changed in its apparent molecular
mass from 92.5 kDa (Fig. 1, lane Ctr) to 88.5 kDa (lane F),
suggesting that some N-linked oligosaccharide species are
present. Following incubation with endoglycosidase H, the
apparent molecular mass decreased to 90.5 kDa (lane H),
and following incubation with endoglycosidase D, it de-
creased to approximately 89.5 kDa (lane D), indicating that
some of the N-linked species were high-mannose oligosac-
charides but that many were complex in nature. Neuramin-
idase treatment alone resulted in a small change to approx-
imately 91.5 kDa (lane N), indicating the presence of some
sialic acid residues; O-glycanase treatment resulted in virtu-
ally no change in migration of the receptor (lane O), indicat-
ing the general absence of O-linked oligosaccharides.

Identification of specific oligosaccharide species with biotin-
ylated lectins. To confirm the presence of oligosaccharides,
lectin-binding studies were performed. Evidence for the
binding of wheat germ agglutinin (Triticum vulgaris aggluti-
nin) to the receptor was consistently obtained, suggesting
the presence of [D-GIcNAc], (Fig. 2, lane A), concanavalin
A (a-D-Man or a-pD-Glc) (lane B), and Ricinis communis
agglutinin I (B-D-Gal or pD-GalNAc) (lane C). In contrast,
binding was consistently absent for Ulex europaeus agglutinin
I (fucose) (Fig. 2, lane D), Dolichos biflorus and Glycine max
agglutinins (D-GalNAc) (lanes E and F), and Arachis hy-
pogaea agglutinin (B-D-Gal[1,3]-D-GalNAc) (lane G), suggest-
ing the general absence of fucose and galactosamine residues
in this receptor.

Preincubation of immunoprecipitated receptor with en-
doglycosidase F eliminated binding of the lectins (Fig. 3,
results for concanavalin A), suggesting that the lectins were
indeed binding to sugar moieties on the receptor.

pl determination. The isoelectric point of the 92.5-kDa
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FIG. 2. Binding of lectins to the 92.5-kDa receptor. Purified
receptor was electrophoresed and transferred to nitrocellulose mem-
branes under nondenaturing conditions and then incubated with
various biotinylated lectins, further incubated with horseradish
peroxidase-labeled avidin, and developed. Lanes: A, wheat germ
agglutinin; B, concanavalin A; C, R. communis agglutinin; D, U.
europaeus agglutinin I; E, D. biflorus agglutinin; F, G. max agglu-
tinin; G, A. hypogaea agglutinin.

receptor was determined by two-dimensional PAGE of the
receptor, which was followed by Western blotting with the
4-3-5 monoclonal antibody. As shown in Fig. 4, the isoelec-
tric point of the glycosylated receptor ranged from 5.3 to 5.6.
A control two-dimensional Western blot which was incu-
bated with an unrelated IgM BALB/c antibody that did not
bind to the 92.5-kDa species was also run (data not shown).

Incorporation of [>>P]orthophosphoric acid. To determine
whether the receptor represents a phosphorylated receptor,
we performed initial experiments in uninfected HEL cells
grown in the presence of [*’Plorthophosphoric acid. Follow-
ing 3 h of incubation, cells were rinsed, solubilized cell
membrane preparations were made, and receptor was immu-
noprecipitated with 4-3-5 or an unrelated BALB/c IgM
antibody as a negative control. For a positive control for the
phosphorylation procedure, a constitutively phosphorylated
HLA class I heavy chain was immunoprecipitated from a
human B-lymphoblastoid cell line (SB) by a monoclonal
antibody against a common HLA class I determinant (data
not shown). Our results indicated that the receptor is in fact
phosphorylated and that it is constitutively phosphorylated
in the absence of added exogenous stimuli (Fig. 5).

A B

FIG. 3. Elimination of lectin binding by endoglycosidase F pre-
treatment. Purified receptor was pretreated with buffer alone (A) or
endoglycosidase F (B) and subsequently incubated with biotinylated
concanavalin A and developed as for Fig. 2.
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FIG. 4. plI determination for the 92.5-kDa receptor. Solubilized
HEL cell membrane proteins were separated by two-dimensional
PAGE, transferred to a nitrocellulose membrane, incubated with
4-3-5, further incubated with horseradish peroxidase-conjugated
goat anti-mouse IgM, and developed. Molecular weights (in thou-
sands) are indicated on the left.

DISCUSSION

Although many viral fusion proteins have been identified
(11, 16, 28), little is known about the cell membrane compo-
nents involved in the fusion process. To further characterize
the fibroblast membrane receptor for gp86 of HCMV, we
used glycosidic enzymes and lectins to determine whether
the receptor is a glycoprotein and, if so, which types of sugar
moieties are involved in its structure. This type of analysis
has previously been used to characterize certain virion
glycoproteins, including those of HCMV and simian cyto-
megalovirus (4). As noted in those studies, this method has
the advantage of not requiring the large amounts of material
necessary for biochemical analysis of carbohydrates, the
results are not affected by cell metabolism the way that the
incorporation of radiolabeled sugar moieties can be, and the
results are consistent with the specificities of the lectins and
endoglycosidases (4).

Enveloped viruses can undergo pH-dependent or pH-
independent fusion with the cell membrane. Examples of
enveloped viruses that undergo pH-independent fusion in-

92.5 kDa -

IgM-C  4-3-5
FIG. 5. Phosphorylation of the 92.5-kDa receptor. HEL cells
were incubated with [*>Porthophosphoric acid, and then receptor
was immunoprecipitated with 4-3-5 or control IgM monoclonal
antibody.
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clude members of the paramyxovirus family (such as Sendai
virus and measles virus) (18), murine coronavirus (25),
herpes simplex virus (23), and HIV-1 (17, 24). While the pH
dependence of viral fusion may be a property of the viral
fusion protein, it appears that specific host factors may also
be necessary for pH-independent viral fusion to occur (28).
Studies in which fusion of Sendai virus or measles virus to
cells can be inhibited by preincubating the cells with N-ter-
minal segments of viral fusion proteins suggest the presence
of specific cell receptors for those proteins (11, 22), and
quantitative studies of Sendai virus fusion also indicate that
specific cell receptors which are required for virus-cell
fusion exist (10, 19). In addition, several reports indicate that
specific monoclonal antibodies against CD4 do not inhibit
adsorption of HIV-1 but do inhibit virus-cell fusion and viral
infectivity, and mapping studies suggest that amino acids
between positions 178 and 292 (or approximately the third
domain of CD4) are necessary for HIV-1 fusion with the cell
membrane (5, 9). We recently inhibited HCMV fusion with
HEL fibroblasts, but not adsorption of HCMV to the same
cells, by preincubating the cells with monoclonal anti-idio-
type antibodies that antigenically mimicked an epitope on
gp86 (13). This suggests that the 92.5-kDa receptor to which
these antibodies specifically bind is likely involved in the
HCMV-cell fusion process.

To date, the best-characterized cell membrane protein
shown to be involved in virus fusion is the HIV-1 receptor,
CD4. Like CD4, which is a 55-kDa cell membrane glycopro-
tein (7), the 92.5-kDa human fibroblast fusion protein recep-
tor for HCMV is a glycoprotein. Also like CD4 (1), it is
constitutively phosphorylated. It is interesting that stimula-
tion of CD4* cells with phorbol myristate acetate or specific
antigen results in a rapid increase in the level of CD4
phosphorylation, followed by dephosphorylation, suggesting
that phosphorylation may be linked to signal transduction.
The highly conserved cytoplasmic domain appears to be
physically associated with an internal membrane tyrosine
kinase (p56'°*), and ligand binding appears to be associated
with a tyrosine phosphorylation signal to as-yet-unidentified
substrates (27). It appears, however, that tyrosine protein
kinase signalling does not result from HIV-1 gp120 or HIV-1
virion binding to CD4 (12), even at 37°C for up to 15 min,
making it unlikely to be involved in the fusion process.
Experiments are in progress to determine whether the
HCMYV receptor requires protein kinase signalling for viral
fusion to occur.

Several studies (reviewed in reference 11) suggest that the
fusion of cell membranes with each other during endocytosis
and exocytosis, processes which bear similarity to virus-cell
fusion, however, requires ATP hydrolysis. It is unknown
whether protein phosphorylation plays a direct role in mem-
brane fusion, but it is intriguing that two protein kinase
activities have been attributed to clathrin-coated vesicles (3,
11). It is also interesting that a trypsin-sensitive component
on vesicle membranes which is necessary for fusion has been
identified, suggesting that a specific vesicle protein is re-
quired for fusion. Additional studies of both viral fusion
protein receptors and cell membrane fusion proteins are
necessary to understand the extent to which these processes
are similar.

In addition to its role in fusion of cytomegalovirus with the
cell membrane, the 92.5-kDa HCMV gp86 fibroblast mem-
brane receptor, like other cell surface receptors for viral
glycoproteins, is likely to have a specific cellular function
which, like that of CD4, may require protein phosphoryla-
tion for signal transduction. Available data about this recep-
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tor suggest that, also like CD4, it is similar in several
respects to growth factor receptors. This receptor is a
phosphorylated glycoprotein located at the surface of fibro-
blast membranes (14); the fact that it is constitutively phos-
phorylated suggests that it may be a kinase capable of
autophosphorylation, like class 1A (e.g., epidermal growth
factor receptor), 1B (e.g., insulin receptors), or 1C (e.g.,
platelet-derived growth factor receptor) receptors (reviewed
in reference 29), all of which are known to possess tyrosine
kinase activity. Its broad appearance on native gels, which
changes to a narrow band on denaturing gels (14), suggests
that, like CD4 and growth factor receptors, it may also have
intramolecular disulfide bonding; there is, however, no evi-
dence to suggest that the receptor has any intermolecular
disulfide bonding as class 1B growth factor receptors do.
Experiments are in progress to determine whether the gp86
receptor also possesses kinase activity, and if so, which
cellular components may be phosphorylated as a result of its
activation.
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