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The attachment of lymphocytic choriomeningitis virus (LCMV) to murine and primate cell lines was
quantitated by a fluorescence-activated cell sorter assay in which binding of biotinylated virus was detected
with streptavidin-fluorescein isothiocyanate. Cell lines that were readily infected by LCMV (e.g., MCS57, Rin,
BHK, Vero, and HeLa) bound virus in a dose-dependent manner, whereas no significant binding was observed
to lymphocytic cell lines (e.g., RMA and WIL 2) that were not readily infected. Binding was specific and
competitively blocked by nonbiotinylated LCMV. It was also blocked by LCMV-specific antiserum and a
neutralizing monoclonal antibody to the virus glycoprotein GP-1 but not by antibodies specific for GP-2,
indicating that attachment was likely mediated by GP-1. Treatment of cells with any of several proteases
abolished LCMYV binding, whereas phospholipases including phosphatidylinositol-specific phospholipase C had
no effect, indicating that one or more membrane proteins were involved in virus attachment. These proteins
were characterized with a virus overlay protein blot assay. Virus bound to protein(s) with a molecular mass of
120 to 140 kDa in membranes from cell lines permissive for LCMV but not from nonpermissive cell lines.
Binding was specific, since unlabeled LCMYV, but not the unrelated enveloped virus herpes simplex virus type
1, competed with '2*I-labeled LCMV for binding to the 120- to 140-kDa band. The proteinaceous nature of the
LCMV-binding substance was confirmed by the lack of virus binding to proteinase K-treated membrane
components. By contrast, glycosidase treatment of membranes did not abolish virus binding. However, in
membranes treated with endoglycosidase F/N-glycosidase F, and/or neuraminidase and in membranes from
cells grown in tunicamycin, the molecular mass of the LCMV-binding entity was reduced. Hence, LCMV
attachment to rodent fibroblastic cell lines is mediated by a glycoprotein(s) with a molecular mass of 120 to 140

kDa, with complex N-linked sugars that are not involved in virus binding.

The first step in virus infection of a host cell is attachment
to the cell surface. One or more virion proteins, termed viral
attachment proteins (VAPs), interact with components of
the cell’s plasma membrane to mediate this productive viral
binding, and these membrane components constitute cellular
receptors for the virus. Diverse constituents of host cell
membranes can act as viral receptors. For example, sialylo-
ligosaccharides are receptors for influenza virus (45) and
phosphatidylserine and phosphatidylinositol are receptors
for vesicular stomatitis virus (VSV) (38). Some well-charac-
terized examples of protein virus receptors include the CD4
molecule for human immunodeficiency virus type 1 (17, 35),
the C3d receptor CR2 for Epstein-Barr virus (26, 32, 40, 59),
the acetylcholine receptor for rabies virus (37), the intercel-
lular adhesion molecule-1 (ICAM-1) for the major subgroup
of human rhinoviruses (29, 49, 54), another member of the
immunoglobulin superfamily for poliovirus (39), a basic
amino acid transporter for ecotropic murine leukemia virus
(4, 34, 57), a phosphate transporter which is the receptor
shared by gibbon ape leukemia virus and feline leukemia
virus subgroup B (41, 51, 56), and a member of the carcino-
embryonic antigen family of proteins for the coronavirus
mouse hepatitis virus (22). These are among the few cellular
receptors for viruses that have been identified; for most
viruses, little is known about the nature of the host cell
receptor or which virion protein acts as the VAP. In addi-
tion, a single virus may use distinct receptors to infect
different cell types or host species.
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The importance of defining the host cell receptors for
viruses lies in at least two areas. First, receptor expression is
a major factor in controlling the host range and tropism of a
virus and hence plays a key role in determining virus
pathogenicity. Second, the characterization of virus recep-
tors facilitates the design of antiviral agents that can inter-
vene early in viral infection. To date, no host cell receptors
are known for the arenaviruses, a family including the
human pathogens Lassa, Junin, and Machupo viruses. We
have been studying the cellular receptors used by lympho-
cytic choriomeningitis virus (LCMV), the prototypic arena-
virus, which is a natural pathogen in mice and infects many
other species including humans (reviewed in reference 13).
LCMY has a bisegmented, single-stranded, ambisense RNA
genome. The viral RNA is complexed with the virus’s
nucleoprotein (NP) and is enclosed by a lipid envelope with
which the two viral glycoproteins, GP-1 and GP-2, are
associated. As recently shown (14), GP-2 is an integral
membrane protein, whereas GP-1 is a more peripheral mem-
brane protein noncovalently associated with GP-2. Both
glycoproteins are homotetramers. Here we provide evidence
that GP-1 rather than GP-2 serves as the VAP.

To study the attachment of LCMV to rodent and primate
cell lines, we used a fluorescence-activated cell sorter
(FACS) assay in which binding of biotinylated virus to cells
was detected with streptavidin-fluorescein isothiocyanate
(FITC). The results show that the cell surface LCMV-
binding sites are proteinaceous in nature. We then went on
to define the nature of the LCMV-binding protein(s) on
rodent fibroblastic cell lines, using a virus overlay protein
blot assay (VOPBA). LCMYV is shown to bind to a 120- to
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140-kDa membrane glycoprotein(s) with complex N-linked
sugars.

MATERIALS AND METHODS

Virus growth and purification. The ARM 53b strain of
LCMV is a triple-plaque-purified clone from ARM CA 1371
(21), subsequently maintained by passage in baby hamster
kidney (BHK-21) cells. Clone 13 is a triple-plaque-purified
variant of this strain derived from spleen cells of an adult
BALB/WEHI mouse persistently infected from birth with
ARM 53b (3). Both viruses bound to and infected the cell
types used here at similar levels. The FACS assay and
VOPBA experiments described were carried out with clone
13.

LCMV from the culture fluid of infected cells was en-
riched by precipitation with 6.5% polyethylene glycol (with-
out NaCl) followed by centrifugation at 35,000 rpm in a
Beckman SW41 rotor for 75 min on a discontinuous renogra-
fin gradient (12, 14). The titer of the resulting virus prepara-
tion (determined by plaque assay on Vero cells; 21) was 5 X
10° to 2 x 10'° PFU/ml; and the protein concentration was 5
to 15 mg/ml, as determined by Bradford assay with bovine
serum albumin (BSA) as the standard (9). Much of the
protein was cellular components that copurified with the
virus, since fluid from uninfected cell cultures processed in
the same way yielded similar protein concentrations.

Virus stocks were free of mycoplasma contamination as
judged by Hoechst staining of cells growing in antibiotic-free
medium at 48 h after virus infection.

VSV used for FACS assay competition experiments was
the Mudd-Summers strain of the Indiana serotype (a gift
from J. Holland, University of California—San Diego, La
Jolla, Calif.). This virus was grown in BHK-21 cells and
enriched by pelleting culture fluids from infected cells and
then banding them on a 5 to 40% continuous sucrose gradient
(19). The resulting virus preparation had a titer of 10
PFU/ml and a total protein concentration of 750 pg/ml.

Herpes simplex virus type 1 (HSV-1) used for VOPBA
competition experiments was a recombinant, Cgal*, ex-
pressing B-galactosidase (31). It was grown and assayed as
described by Field and Wildy (25) and had a titer of 5 x 108
PFU/ml.

Origin and maintenance of cell lines. The origin and mor-
phologic description of the majority of the cell lines used are
given in Table 1. MC57, RMA, RIE, Rin, and WIL 2 cells
were maintained in RPMI medium supplemented with peni-
cillin, streptomycin, and 1% glutamine plus 3.5% fetal bo-
vine serum (FBS) and 3.5% calf serum (both heat activated
at 56°C for 30 min), as were EL-4 cells, a lymphoma line
which expresses the Thy 1.2 antigen (47). BALB C1 7, Vero,
and HeLa S3 cells were grown in minimal essential medium
plus penicillin, streptomycin, 1% glutamine, 0.075% sodium
bicarbonate, and 7% FBS. BHK-21 cells were grown in
Dulbecco’s modified Eagle’s medium containing penicillin,
streptomycin, 1% glutamine, 0.7% glucose, 5% 2X tryptose
phosphate broth, and 3.5% FBS plus 3.5% calf serum.

Infection of cells with LCMV and quantitation of infected
cells by immunofluorescence and infectious center assays.
Cells were infected with LCMV at a multiplicity of infection
of 3 and grown overnight (16 to 20 h) at 37°C in 5% CO,. The
number of cells expressing the viral NP was then quantitated
by immunofluorescence. Cells were resuspended at 2 X
105/ml in tissue culture medium, 25-pl drops of which were
then spotted onto Cel-Line 10-175-coated slides (Cel-Line,
Newfield, N.J.), air dried, and fixed in acetone. Staining was
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TABLE 1. Origin and susceptibility to LCMV infection of cell
lines used to study LCMV binding®

. % %
. Species . X N
Cell line L Description ressing Infectious
of origin P EXPNP 8 centers
MC57 Mouse  Fibroblast >90 >90
BALB Cl7 Mouse Fibroblast >90 >90
RMA Mouse  T-lymphocyte line 0.1 0.5
Rin Rat Insulinoma >90 >90
BHK-21 Hamster Kidney fibroblast >90 >90
Vero Monkey Kidney >90 >90
HeLa S3 Human Epithelioid cervical >90 >90
carcinoma
WIL 2 Human B-lymphocyte line 0.1 0.4

2 Cells were infected with LCMV ARM 53b at a multiplicity of infection of
3 PFU per cell; 16 to 20 h later, aliquots of cells were fixed and the proportion
expressing the viral nucleoprotein (NP) was determined by immunofluores-
cence (percent expressing NP). The number of cells scoring as infectious
centers was also analyzed (percent infectious centers).

achieved by successive incubations for 45 min at room
temperature with mouse monoclonal antibody 1-1.3 to the
viral NP (11) (undiluted hybridoma tissue culture fluid) and a
goat anti-mouse FITC-labeled second antibody (Boehringer
Mannheim Biochemicals, Indianapolis, Ind.) (diluted 1:50 in
phosphate-buffered saline (PBS) plus 2% BSA), with three
washes in PBS plus 2% BSA after each addition of antibody.
The slides were mounted, and the percentage of NP-positive
cells was determined with an Olympus BH-2 fluorescence
microscope. The number of cells productively infected with
LCMV was also quantitated, using an infectious center
assay as described by Doyle and Oldstone (20).

Analysis of LCMV binding to cells by FACS assay. To
measure the binding of virus to cells, we modified the
procedure described by Ingharimi et al. (30). Briefly, par-
tially purified virus (see above; diluted to 1 to 5 mg of protein
per ml) was mixed in a carbonate buffer (0.1 M NaHCO,, 0.1
M NaCl [pH 8.3 to 9.0]) with N-hydroxysuccinimidobiotin
(Sigma Chemical Co., St. Louis, Mo.) diluted to 1 mg/ml in
dimethylsulfoxide. A 5/1 ratio of virus to biotin was incu-
bated overnight in the dark at 4°C, after which free biotin
was removed by extensive dialysis against PBS at 4°C. Virus
infectivity was determined by plaque assay, and only bioti-
nylated virus retaining >50% infectivity was used in exper-
iments.

For the binding assay, amounts of biotinylated virus from
0 to 10® PFU (approximately 120 ug of total protein) were
added to aliquots of 10° cells in suspension in a total volume
of 500 ul of PBS plus 2% FBS and incubated on ice for 45
min. The cells were then washed twice in PBS plus 2% FBS
and resuspended in 200 pl of a 1:75 dilution of streptavidin-
FITC (Dakopatts, Carpinteria, Calif.) in PBS plus 2% FBS.
After another 30-min incubation on ice, cells were washed
once in PBS plus 2% FBS plus 1 pg of propidium iodide (PI)
per ml and once in PBS plus 2% FBS only. Finally the
percentage positive for fluorescence was determined by
FACS analysis. Dead cells labeled with PI were counted as
a measure of the viability of the population being tested and
then were excluded from the analysis.

Specificity of binding was demonstrated by the ability of
unlabeled LCMV but not VSV to block the binding of
biotinylated LCMV to cells. For this experiment, cells were
incubated on ice for 45 min with different amounts of
unbiotinylated LCMV (10® to 10° PFU, approximately 100 to
1,000 g of total protein) or unbiotinylated VSV (10° to 10°
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PFU, approximately 0.75 to 7.5 pg of total protein) in a final
volume of 200 ul of PBS plus 2% FBS. Then, biotinylated
LCMYV was added (0 to 10® PFU, approximately 120 ug of
total protein), and the total volume per tube was increased to
500 ul of PBS plus 2% FBS. The cells were incubated at 4°C
for another 45 min, and the amount of biotinylated virus
bound was determined as above.

FACS assay for EL-4 cell Thy 1 expression. Aliquots of 10°
EL-4 cells were incubated on ice at 4°C for 45 min in 100 pl
of the rat immunoglobulin G2b (IgG2b) monoclonal antibody
30.H12, specific for mouse Thy 1.2 (undiluted hybridoma
tissue culture fluid; the hybridoma was obtained from the
American Type Culture Collection, Rockville, Md.). The
cells were then washed twice in PBS plus 2% FBS and
resuspended in 100 pl of a 1:50 dilution in PBS plus 2% FBS
of FITC-labeled F(ab’), fragments of mouse anti-rat IgG
(Jackson Immunoresearch Laboratories, Inc., West Grove,
Pa.). After a 30-min incubation at 4°C, the cells were washed
once in PBS plus 2% FBS plus 1 pg of PI per ml and once in
PBS plus 2% FBS only. Cell viability and the percentage
positive for fluorescence were determined by FACS analy-
sis.

Blocking of virus binding to cells with LCMV-specific
antibodies. The antibodies used were human convalescent
serum from an LCMV-infected patient, which had a total
protein concentration of 44 mg/ml as measured by the
Bradford assay with BSA as a standard, an ELISA titer (the
highest dilution giving a positive reaction in an enzyme-
linked immunosorbent assay [ELISA]) against LCMV ARM
(3) of 1:20,000, and a neutralization titer of >1:50. Addition-
ally, we used three mouse monoclonal antibodies specific for
LCMV: WE-36.1, an IgG1 antibody specific for GP-1 with a
total protein concentration of 2 mg/ml and an ELISA titer
against LCMV ARM of 1:10,000; WE-33.6, an IgG2a anti-
body specific for GP-2 with a total protein concentration of
2.6 mg/ml and an ELISA titer against LCMV ARM of
1:2,500; and 9-7.9, an IgG2a antibody specific for another
epitope on GP-2 with a total protein concentration of 2.3
mg/ml and an ELISA titer against LCMV ARM of 1:2,500.
The isolation and characterization of these monoclonal an-
tibodies were described by Parekh and Buchmeier (44), and
ascitic fluid containing the antibodies was a gift from M.
Buchmeier (The Scripps Research Institute, La Jolla, Calif.).

To determine the ability of these antibodies to block the
binding of LCMYV to cells, biotinylated LCMV (2 x 107 or 4
x 107 PFU) was incubated with increasing dilutions of the
antibodies, or with FBS (total protein concentration 83
mg/ml) as a negative control, on ice for 30 min. Binding of
this virus and untreated biotinylated LCMV to MC57 cells
was then assessed by FACS assay. Binding of the preincu-
bated virus to cells is expressed as a percentage of the
binding of a similar quantity of virus that was not preincu-
bated with antibody.

Enzyme treatment of cells. To determine the nature of the
cell surface component to which LCMYV binds, aliquots of
10° MC57 or HeLa S3 cells in a total volume of 200 pl were
treated with the enzymes or lectins listed below in PBS at pH
7.5 or the buffer specified for 1 h at 37°C and then were
washed twice in PBS plus 2% FBS to remove the enzymes.
Virus binding to the treated cells was analyzed by FACS
assay. Enzymes were used at concentrations that did not
significantly affect cell viability (measured by PI exclusion
during the FACS analysis); these are detailed in the Results
section. The enzymes used were as follows. Proteases:
trypsin (EC 3.4.21.4) from bovine pancreas, 8,600 U/mg
(solid) (Sigma, St. Louis, Mo.); a-chymotrypsin (EC
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3.4.21.1) type 1-S from bovine pancreas, 53 U/mg (solid)
(Sigma, St. Louis, Mo.); proteinase K (EC 3.4.21.14) from
Tritirachium album, 20 U/mg (solid) (Boehringer Mannheim,
Indianapolis, Ind.); subtilisin, protease type VIII from Ba-
cillus licheniformins, 10 U/mg (solid) (Sigma, St. Louis,
Mo.); pronase E, protease type XXV from Streptomyces
griseus, 5 U/mg (solid) (Sigma, St. Louis, Mo.); papain (EC
3.4.22.2) from papaya latex, 14 U/mg (solid) (Sigma, St.
Louis, Mo.), used in sodium phosphate buffer, pH 6.0;
bromelain (EC 3.4.22.4) from pineapple stem, 3.6 U/mg
(solid) (Sigma), used in sodium phosphate buffer, pH 6.0.
Phospholipases: phospholipase A, (PLA,) (EC 3.1.1.4) from
bee venom, 1,020 U/mg (solid) (Sigma, St. Louis, Mo.);
phospholipase C (PLC) from Bacillus cereus, 2 mg/ml (sus-
pension) (Boehringer Mannheim, Indianapolis, Ind.); phos-
pholipase D (PLD) from cabbage (solid) (Boehringer Mann-
heim, Indianapolis, Ind.), used in sodium phosphate buffer,
pH 6.0; phosphatidylinositol-specific phospholipase C (PI-
PLC) from B. cereus, 5 U/100 pl (Boehringer Mannheim,
Indianapolis, Ind.). Glycosidases: recombinant N-glyca-
nase, 10 U/40 pl (Genzyme, Cambridge, Mass.); neuramin-
idase from Vibrio cholerae, 1 U/ml (Boehringer Mannheim,
Indianapolis, Ind.); O-glycanase from Diplococcus pneumo-
niae, 1 mU/pl (Genzyme, Cambridge, Mass.); B-galactosi-
dase from Escherichia coli 1,500 U/ml (suspension) (Boehr-
inger Mannheim, Indianapolis, Ind.); a-mannosidase from
Canavalia ensiformis, 5 mg/ml (suspension) (Boehringer
Mannheim, Indianapolis, Ind.); a-fucosidase (EC 3.2.1.51)
from bovine epididymis, 2.5 U/mg (Sigma, St. Louis, Mo.).
Sodium m-periodate was also obtained from Sigma (St.
Louis, Mo.). Lectins: wheat germ agglutinin, lectin from
Thermoactinomyces vulgaris, 31 pg/ml (Sigma, St. Louis,
Mo.); concanavalin A type IV from C. ensiformis, 64 pg/ml
(Sigma, St. Louis, Mo.). N-acetyl neuraminic acid release by
neuraminidase was determined by the method of Aminoff
).

Tunicamycin treatment of cells. MC57 or HeLa S3 cells
were grown overnight (16 to 20 h) or for 2 to 4 days in
medium containing either a mixture of tunicamycin ho-
mologs (Sigma, St. Louis, Mo.) or the B, homolog of
tunicamycin (Boehringer Mannheim, Indianapolis, Ind.) at
the concentrations described in the Results section.

Preparation of cell membranes. Membranes were prepared
from cells that were subconfluent. Adherent cells were
removed from the flask with a cell scraper, then these and
nonadherent cells were pelleted by centrifugation at 1,200
rpm for 5 min in an IECPR-7000 centrifuge. Cells were
washed once in homogenization buffer (250 mM sucrose, 20
mM HEPES [N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid] [pH 7.4], 1 mM EDTA, 100 U of aprotinin per
ml) and then resuspended in this buffer and homogenized by
three to four passages through a ballbearing homogenizer
(Bemi-Tech Engineering, Saratoga, Calif.). This procedure
ruptured the plasma membrane but left internal organelles
intact. Debris, including nuclei, was pelleted by centrifuga-
tion at 1500 rpm for 10 min in an IECPR-7000 centrifuge,
membranes were pelleted from the remaining supernatant by
a further spin at 32,500 rpm for 1 h at 4°C in a Beckman
SW41 rotor, membrane pellets were resuspended in 0.01 M
Tris HCI buffer, pH 7.5, and their protein concentrations
were determined by the Bradford assay with BSA as a
standard (9). Typically, 100 to 1,000 pg of protein (depending
on the cell type used) was obtained from each T175 flask of
cells. The membrane proteins were adjusted to 10 mg/ml,
aliquoted, and stored at —70°C.

Separation of proteins by SDS-PAGE under reducing and
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nonreducing conditions. Membrane proteins were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) as described by Sambrook et al. (46). Most
experiments were performed with a Biorad (Richmond,
Calif.) miniprotean II apparatus (7.2 by 10 cm plates), but
some employed 18-cm? glass plates. Six percent separating
and 3% stacking gels were used, and 50 to 100 pg of
membrane proteins was run per well. Most experiments
were carried out under reducing conditions: the proteins in a
20-pl volume were boiled for 3 min with 10 pl of a 3x
reducing sample buffer (0.125 M Tris buffer [pH 6.8], 5%
SDS, 1.8 M 2-mercaptoethanol, 0.25% glycerol, plus a small
amount of bromophenol blue) before loading. For compari-
son, some gels were also run under nonreducing conditions:
the proteins in a 20-pl volume were mixed with 10 pl of a 3%
nonreducing sample buffer (0.125 M Tris buffer [pH 6.8], 5%
SDS, 0.25% glycerol, and a small amount of bromophenol
blue, but without 2-mercaptoethanol) and loaded without
boiling. Gels were run at 15 V/cm until the dye front reached
the bottom of the gel. Prestained high-molecular-weight
SDS-PAGE protein standards (Biorad, Richmond, Calif.)
were run on all gels. When 18-cm? gels were run to more
accurately determine the size of the receptor protein band,
unstained high-molecular-weight SDS-PAGE protein stan-
dards (from both Biorad, Richmond, Calif., and Pharmacia,
Alameda, Calif.) were used. The lanes in which they were
run were excised from the gel and stained with Coomassie
blue (46) to locate the marker proteins.

VOPBA. Proteins separated by SDS-PAGE were electro-
phoretically transferred onto nitrocellulose (0.45-pm-pore-
size, Schleicher & Schuell, Keene, N.H.) using a Biorad
transfer apparatus (46). The nitrocellulose was soaked over-
night at 4°C in a milk buffer (2% Carnation nonfat milk, 0.2%
Tween 20, in PBS) to block nonspecific binding sites, rinsed
three times in PBS, and incubated successively with (i)
LCMV concentrated and partly purified by precipitation
with polyethylene glycol and renografin density gradient
centrifugation, at approximately 10'° PFU/ml, diluted 1:10 in
PBS plus 0.3% BSA; (ii) monoclonal antibodies specific for
the LCMYV glycoproteins (GP) (19), undiluted tissue culture
fluid from the hybridomas WE-36.1 (GP-1 specific) and
WE-33.1 (GP-2 specific) mixed 1:1; (iii) rabbit anti-mouse
immunoglobulins (Dakopatts, Carpinteria, Calif.) diluted
1:5,000 in milk buffer; and (iv) **I-labeled protein A (Am-
ersham, Arlington Heights, Ill.; 100 w.Ci/ml; specific activity,
30 mCi/mg of total protein A) diluted 1:100 in milk buffer.
The first incubation lasted 1.5 h, and the others lasted 1 h
each, all at 4°C on a rocking platform. After each incubation,
the nitrocellulose was washed by being rocked in three
changes of milk buffer for 10 min each at 4°C. After the final
washes, the nitrocellulose was rocked overnight at 4°C in
milk buffer, then blotted with Whatman 3MM paper, and
exposed to Kodak XARS film, usually for 24 h.

In control experiments to determine the specificity of
binding, the first layer was replaced with proteins from the
culture fluids of uninfected cells which had been concen-
trated and purified in the same way as the virus or with PBS
plus 0.3% BSA only. Alternatively, the second layer was
replaced with undiluted tissue culture fluid from an irrele-
vant mouse monoclonal antibody (B22/249 or 15-5-5, each
specific for different mouse major histocompatibility com-
plex class I molecules) or with tissue culture medium only.
In other experiments, the third layer was replaced with milk
buffer only.

Preparation of >*I-labeled LCMYV for VOPBA and compet-
itive binding experiments. Concentrated and purified LCMV
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was %I-labeled with the IODO-GEN reagent (Pierce, Rock-
ford, IlL.). Briefly, 1 ml of virus (10'° PFU, or approximately
5 mg of total protein) was placed in an IODO-GEN-coated
glass vial with 5 mCi of Na'?’l (Amersham, Arlington
Heights, Ill.; 109 mCi/ml; specific activity, 17.0 mCi/pg of
iodine) and left for 15 min at room temperature. The virus
was then separated from unreacted **°I by using a disposable
excellulose desalting column (Pierce, Rockford, Ill.). The
first 5 ml (1 column volume) of eluate contained the virus and
had a specific activity of 1 x 10° to 5 x 10° cpm/ug of
protein.

Binding of *I-LCMV to membrane protein(s) was eval-
uated with a modified VOPBA technique. The nitrocellulose
blot was incubated for 1.5 h at 4°C on a rocking platform with
iodinated material from the column in which BSA was
dissolved to give a 0.3% solution, which reduced nonspecific
binding of iodinated proteins. The nitrocellulose was then
washed in many changes of milk buffer (with rocking, at 4°C)
for 5 to 8 h, blotted dry, and exposed to film.

To demonstrate the specificity of *I-labeled LCMV
binding, a competition experiment was performed. First,
three nitrocellulose blots were incubated for 1.5 h at 4°C with
3 ml of PBS plus 0.3% BSA containing (i) no virus, (ii) 3 X
10® PFU/ml of unlabeled LCMV, or (iii) 1.5 x 10® PFU of
HSV-1 per ml. Second, *I-labeled LCMV (1/3 of the
material from one column, diluted to 2 ml and with BSA
added to 0.3%), plus competing virus as in the first step, was
added for an additional 1.5-h incubation at 4°C. After exten-
sive washing in milk buffer, the three blots were exposed to
film.

Enzyme treatment of membrane proteins. In a series of
experiments, membrane protein preparations from MCS7
and BHK cells were treated with different proteolytic or
glycosidic enzymes before being separated by SDS-PAGE
and VOPBA. Membrane proteins were adjusted to 10 mg/ml,
and enzyme digests were performed on 9-ul aliquots, i.e., 90
ng of total protein.

(i) Proteases. One microliter of a 10-mg/ml solution of
protease was added before overnight incubation at 37°C. The
proteases used were proteinase K, a-chymotrypsin, subtili-
sin, pronase E, and papain.

(ii) Endoglycosidase H. Fifteen microliters of 2X endogly-
cosidase H buffer (50 mmol/liter of citrate buffer, pH 5.0,
with 2.5% SDS, 0.2 mol/liter of 2-mercaptoethanol, and 0.5
mmol/liter of phenylmethylsulfonyl fluoride) was added, and
the tube was boiled for 2 min. After being cooled on ice, 2.5
mU (5 pl) of endoglycosidase H (of Streptomyces plicatus
from a recombinant E. coli; EC 3.2.1.96; 1 U/ml; Boehringer
Mannheim, Indianapolis, Ind.) was added before overnight
incubation at 37°C.

(iii) Endoglycosidase F. One microliter of 10% SDS was
added, and the tube was boiled for 2 min. After being cooled
on ice, 90 pl of endoglycosidase F buffer (20 mM sodium
phosphate buffer, pH 7.6, with 10 mM sodium azide, 50 mM
EDTA, and 0.5% [wt/vol] n-octyl-B-D-glucopyranoside
[NOG])) was added. The tube was boiled again for 2 min and
cooled on ice, then 10 pl, equal to 0.5 U of endoglycosidase
F/N-glycosidase F (from Flavobacterium meningosepticum,
50 U/ml, Boehringer Mannheim, Indianapolis, Ind.), was
added for overnight incubation at 37°C.

(iv) Neuraminidases. One microliter of 10% SDS was
added, and the tube was boiled for 2 min. After being cooled
on ice, 15 ul of 2x neuraminidase buffer (20 mM sodium
phosphate buffer, pH 6.0, with 20 mM magnesium acetate, 2
mM phenylmethylsulfonyl fluoride, and 1.2% [wt/vol] NOG)
was added. Then, 5 pl of neuraminidase was added, and the
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tube was incubated overnight at 37°C. Neuraminidases (EC
3.2.1.18) were from Clostridium perfringens (1.1 U/mg [sol-
id], dissolved to be 167 mU/5 pl; Sigma, St. Louis, Mo.);
Salmonella typhimurium (16 U/mg of protein, 32 U/ml, i.e.,
161 mU/5 pl; Sigma, St. Louis, Mo.); V. cholerae (12 U/mg
of protein, 0.14 mg of protein per ml, i.e., 8 mU/5 pl; Sigma,
St. Louis, Mo.), and Arthrobacter ureafaciens (81.6 U/mg of
enzyme, dissolved to be 167 mU/5 ul; Calbiochem, La Jolla,
Calif.).

(v) O-glycosidase. This enzyme was used after digestion of
proteins with neuraminidase. Membrane proteins were
treated with doses of neuraminidase from 3 to 167 mU as
described above for 1 h at 37°C, then 3 pl, equal to 3 mU
O-glycanase (from D. prneumoniae; EC 3.2.1.97; 1 mU/ul;
Genzyme, Cambridge, Mass.), was added, followed by
overnight incubation at 37°C.

(vi) Multiple enzyme digests involving the use of neuramin-
idase (with or without O-glycanase) and endoglycosidase F.
Membrane proteins were boiled with 1 pl of 10% SDS for 2
min and cooled, then 90 pl of all-enzyme buffer was added
(20 mM sodium phosphate buffer, pH 7.0, with 10 mM
sodium azide, 50 mM EDTA, 6% [wt/vol] NOG, and 1 mM
phenylmethylsulfonyl fluoride). Sequential digests with the
enzymes (as described above) were then performed in the
order (i) endoglycosidase F/N glycosidase F (1 h), (ii) neur-
aminidase (1 h or overnight), and (iii) O-glycanase (over-
night) at 37°C.

For these experiments, control incubations were always
performed, in which MilliQ water was substituted for the test
enzyme. These controls, the enzyme-digested samples, and
completely untreated membranes were analyzed in parallel
by SDS-PAGE and VOPBA.

Experiments examining kinetics of return of the LCMV-
binding protein to the cell surface after removal by proteases.
Subconfluent MC57 cells in T75 flasks were rinsed two times
in PBS and then rocked gently at 37°C for 1 h with 2 ml of
proteinase K at 20 pg/ml in PBS or with PBS alone (untreat-
ed control flask). Twenty milliliters of complete RPMI
medium (containing 7% serum, see above) plus 100 U of
aprotinin (Sigma, St. Louis, Mo.) per ml was then added to
each flask, and membranes were prepared from the un-
treated control cells and one of the protease-treated samples
(time zero). The remaining protease-treated flasks of cells
were incubated at 37°C in 5% CO,, and after the specified
lengths (15, 30, and 45 min and 1, 1.5, 2, and 3 h) of
incubation, membranes were prepared from one of these
flasks. The pelleted membranes from each flask of cells were
resuspended in 30 pl of 0.01 M Tris (pH 7.5), and 10 pl of
each sample was analyzed by SDS-PAGE and VOPBA.

To determine whether binding protein return to the cell
surface required new protein synthesis, four T75 flasks of
MCS57 cells were preincubated for 5 h at 37°C in 5% CO, with
complete RPMI medium plus 100 pg of cycloheximide
(Sigma, St. Louis, Mo.) per ml. They were then rinsed two
times in PBS, and three flasks were treated with 20 pg of
proteinase K per ml in PBS plus 100 pg of cycloheximide per
ml, and one flask was treated with PBS plus 100 pg of
cycloheximide per ml for 1 h at 37°C. Twenty milliliters of
complete RPMI medium plus 100 U of aprotinin per ml and
100 p.g of cycloheximide per ml was added to each flask, and
membranes were prepared from the non-protease-treated
cells and one of the protease-treated samples (time zero).
The other two flasks were incubated for 3 and 6 h at 37°C in
5% CO, before membrane preparation. Four other flasks of
cells were simultaneously treated in an identical manner, but
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FIG. 1. LCMV binding to several cell types as assessed by
FACS assay. Aliquots of 10° cells of each type were incubated with
increasing amounts of biotinylated LCMV and were processed as
described in Materials and Methods. The percentage of FITC-
positive cells, i.e., cells that bound the virus, is shown. These
results were confirmed in at least five separate experiments.

in the absence of cycloheximide. Membrane samples from
all eight flasks were analyzed by SDS-PAGE and VOPBA.

RESULTS

The nature of the cell surface component(s) to which
LCMYV attaches was investigated by using a virus-binding
assay, in which cells were incubated at 4°C with biotinylated
LCMYV and then with streptavidin-FITC, and the amount of
virus bound to the cell surface was quantitated by FACS
analysis. This assay was carried out on a panel of rodent and
primate cell lines, whose origin and susceptibility to infec-
tion by LCMYV are detailed in Table 1. As shown by these
cells’ expression of LCMV NP and scores for infectious
centers (indicating productive infection) 16 h after exposure
to LCMV, only RMA and WIL 2 cells were resistant to
LCMV. All other cell lines tested were productively in-
fected.

The results of a FACS assay comparing the ability of
various cells to bind LCMV are illustrated in Fig. 1 and
represent one of several repeated observations. Cell lines
readily infected by LCMYV bound virus in a dose-dependent
manner but, by contrast, the infection-resistant lymphocyte
lines RMA and WIL 2 failed to bind significant amounts of
virus. To confirm that the binding observed in this assay was
specific, we carried out a competition experiment. Unbioti-
nylated LCMYV successfully competed in a dose-dependent
manner with the biotinylated virus for binding sites on MC57
cells (Fig. 2). However, the unrelated enveloped virus VSV
was unable to do so.

Next, anti-LCMYV antiserum and monoclonal antibodies
specific for LCMV proteins were tested as inhibitors of virus
binding to ensure that the virus-cell surface interaction being
measured was both specific and biologically relevant to the
infection process. Preincubation of biotinylated LCMYV with
either of the two antibodies having neutralizing activity,
human convalescent serum or the murine monoclonal anti-
body WE-36.1 against GP-1, blocked virus binding. In con-
trast, two nonneutralizing monoclonal antibodies against
epitopes on GP-2, WE-33.6 and 9-7.9, and the FBS control
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FIG. 2. Competition experiments illustrate that the binding of
LCMV to MC57 cells is specific. Groups of 10° MC57 cells were
incubated on ice for 45 min with either no virus, doses of unbioti-
nylated LCMV from 108 to 10° PFU, or 10° PFU of unbiotinylated
VSV. The amounts of biotinylated LCMYV indicated on the bottom
axis were then added to the cells in each group, and a further 45-min
incubation on ice was carried out. After the cells were washed and
incubated on ice for 30 min with streptavidin-FITC, the percentage
of FITC-positive cells, i.e., cells with bound biotinylated LCMV,
was quantitated by FACS assay.

did not reduce virus binding (Fig. 3). The difference in
blocking ability of the three monoclonal antibodies was not
due to a different quantity of antiviral antibody in the ascites
used, because the ELISA titers of the three ascites prepara-
tions against LCMV were similar (WE-36.1, 1:10,000;
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FIG. 3. LCMV-specific antibodies block virus binding to cells.
Biotinylated LCMV was incubated on ice for 30 min with the
indicated dilutions of the following: human serum from a convales-
cent LCMV-infected patient (HS); the LCMV GP-1-specific mono-
clonal antibody WE-36.1; two monoclonal antibodies, WE-33.6 and
9-7.9, specific for different epitopes on LCMV GP-2; or FBS as a
control. The binding of preincubated virus and untreated biotiny-
lated LCMV to MC57 cells was assessed by FACS assay. The
binding of the preincubated virus to cells is expressed as a percent-
age of the binding of the untreated virus measured in the same
experiment.
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TABLE 2. Effect of protease treatment of MC57 cells on the

ability to bind LCMV
Binding as % AN
Protease Concn of untlgeated Cell ‘;ablhty

control (%)

Trypsin 0.1 pg/ml 102.8 98
1 pg/ml 59.9 98

10 pg/ml 13.1 98

Chymotrypsin 0.1 pg/ml 59.3 98
1 pg/ml 54.5 97

10 pg/ml 6.3 98

Proteinase K 0.1 pg/ml 444 96
1 pg/ml 22.4 90

10 pg/ml 1.5 76

Subtilisin 2 mU/ml 15.9 87
10 mU/ml 12.3 85

50 mU/ml 2.2 94

Pronase E 10 pg/ml 4.7 88
100 pg/ml 0.1 96

Papain 2 mU/ml 64.1 95
10 mU/ml 149 93

50 mU/ml 4.0 93

Bromelain 2 mU/ml 30.2 94
20 mU/ml 16.9 94

200 mU/ml 7.7 94

WE33.6 and 9-7.9, 1:2,500). Since monoclonal antibodies
specific for GP-1 but not the other candidate VAP, GP-2,
blocked virus binding, these results suggest that the VAP of
LCMV is GP-1.

To determine the biochemical nature (e.g., protein, lipid,
or carbohydrate) of the LCMV-binding component on the
cell surface, we used the FACS assay to test cells pretreated
in ways that destroyed individual membrane components for
the ability to bind LCMV. The results of representative
experiments (all treatments were tested at least twice) with
the murine fibroblast cell line MC57 are shown in Tables 2
through 4. Results shown are the virus binding of treated
cells expressed as a percentage of that of appropriate control
cells analyzed in the same experiment. All cells were labeled
with PI preceding FACS analysis so that the effect of each
treatment on cell viability could be assessed; the percentage
of live cells in control and treated samples is also given in the
tables.

Table 2 shows the effect on LCMV binding of pretreating
105 MC57 cells in a 1-h incubation at 37°C with each of seven
proteases at the indicated concentrations. All proteases used
here, which included both serine and thiol proteases, ablated
LCMYV binding in a dose-dependent manner, indicating that
the LCMV-binding substance was either a protein or a
protein-bound entity.

In agreement with this result, treatment of cells with
PLA,, PLC, or PLD did not significantly affect the ability to
bind LCMV (Table 3). Table 4 shows the results of experi-
ments with PI-PLC, which removes glycosyl-phosphatidyl-
inositol-linked moieties from the cell surface. As a control,
the effect of PI-PLC on cell surface levels of Thy 1, a
glycosyl-phosphatidylinositol-linked, pronase E-resistant
protein on the EL-4 thymoma cell line, was assessed in
parallel with its effect on LCMV binding to MC57 cells.
FACS assay showed that PI-PLC treatment drastically re-
duced Thy 1 expression on the EL-4 cell line but did not
significantly affect LCMV binding to MC57 cells, indicating
that the membrane protein(s) on which LCMV binding is
dependent is not attached by glycosyl-phosphatidylinositol
linkage.
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TABLE 3. Effect of phospholipase treatment of MC57 cells on
the ability to bind LCMV

Binding as %

. Concn Cell viability
Phospholipase (hg/ml) of ::l:;:glted %)
PLA, 0.1 100.7 95
1 98.8 95
PLC 10 87.3 96
100 86.3 88
PLD 10 81.9 88
100 93.7 88

A final series of FACS experiments (not shown) deter-
mined the role of carbohydrates in LCMV binding to MC57
cells. Treatment for an hour at 37°C with a panel of glycosi-
dases did not affect the cells’ subsequent ability to bind
LCMV. The glycosidases used included N-glycanase and
O-glycanase, which remove N- and O-linked sugars, respec-
tively, from proteins, and four enzymes that remove termi-
nal carbohydrates from sugars. In addition, treatment of
cells with periodate, which oxidizes cell surface sialic acid,
had no effect on LCMV binding. These enzymes were all
used at concentrations known to reduce the binding of other
viruses to cells (27, 36, 50). That neuraminidase did remove
sialic acid from these cells was also demonstrated by the
release of N-acetyl neuraminic acid into the supernatant fluid
(5; data not shown). Incubation of cells with the lectin
concanavalin A (which binds to a-linked terminal mannose
residues on N-linked high mannose or hybrid glycans) or
wheat germ agglutinin (which recognizes (GIcNAcB1-4),, on
N-linked glycans) for an hour at 37°C prior to assessment of
virus binding also did not decrease LCMYV binding to the
cells. Last, MC57 cells grown overnight in a mixture of
tunicamycin homologs or the B, homolog, which inhibits
N-linked glycosylation but has little effect on protein syn-
thesis, bound LCMV effectively, indicating that glycosyl-
ation was not required for virus binding and/or that the
LCMV-binding protein had a long half-life.

We then went on to characterize the membrane protein(s)
to which LCMYV binds, utilizing a VOPBA. In this tech-
nique, membrane proteins are separated by SDS-PAGE and
transferred onto nitrocellulose that is then incubated succes-
sively with virus, mouse monoclonal antibodies specific for
the viral glyoo;l)roteins GP-1 and GP-2, a rabbit anti-mouse
antibody, and '%°I-labeled protein A. A typical VOPBA of
membranes from six rodent cell lines is shown in Fig. 4.
Figure 4A illustrates the binding of LCMV to a 120- to
140-kDa band in membranes from permissive BALB C1 7,
MC57, Rin, and BHK cells but not in membranes from the
lymphoid cell lines RMA and RIE, which are relatively

TABLE 4. Comparison of the effect of PI-PLC treatment on
EL-4 cell Thy 1 expression and the ability of MC57
cells to bind LCMV

PI-PLC Thy 1 expression as LCMYV binding as Cell

Cell line  concn % of untreated % of untreated viability
(U/ml) control control (%)
EL-4 1 11.6 96
2 3.7 96
4 5.8 96
MC57 1 80.0 85
2 86.0 88
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FIG. 4. Analysis of LCMV-binding proteins by VOPBA. Mem-
brane proteins (50 to 100 pg) from four murine cell lines (BALB Cl
7, MC57, RMA, and RIE), a rat cell line (Rin), and a hamster cell
line (BHK) were run on two 7.2 by 10 cm SDS-PAGE gels,
transferred onto nitrocellulose, and analyzed by VOPBA. The upper
blot was treated with all the VOPBA layers. In the lower blot, virus
was omitted from the first incubation to control for nonspecific
binding.

resistant to LCMYV infection. Equal quantities of membrane
proteins from each cell type were run on these gels. When
LCMYV was omitted or when polyethylene glycol-precipi-
tated, renografin-banded proteins from the culture fluids of
uninfected cells were used in place of virus as the first
VOPBA layer, the 120- to 140-kDa band was not seen (Fig.
4B), indicating that the band in Fig. 4A does represent the
interaction of LCMV with particular membrane components
in cell types readily infected by the virus. In experiments
using higher-percentage gels, no specific binding of LCMV
to lower-molecular-weight proteins was detected (not
shown).

Further evidence that binding to the 120- to 140-kDa band
represented an LCMV-specific interaction was documented
by direct binding of iodinated LCMYV to nitrocellulose blots
of membrane proteins (Fig. 5). Figure 5 also demonstrates
the specificity of the binding reaction, because unlabeled
LCMY blocked binding but, in contrast, use of an unrelated
enveloped virus, HSV-1, did not.

The LCMV-binding proteins on the four rodent cell lines
tested (two mouse cell lines, one rat, and one hamster)
appear to vary slightly in molecular size (Fig. 4A). To more
accurately determine the size of these proteins, membranes
were run on 18-cm? gels. The results of several experiments
(not shown) allowed the calculation that the LCMV-binding
component of the murine fibroblastic cell line MC57 had a
size of 116 to 137 kDa, whereas that of Rin cells had a
slightly larger size, and those of BALB C1 7 and BHK cells
were somewhat smaller. These differences likely reflected
posttranslational modifications, such as the extent of each
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FIG. 5. Competition experiment to show that the direct binding
of 1%I-labeled LCMV to the 120- to 140-kDa band is specific. LCMV
virions were '*I-labeled by the IODO-GEN procedure. The two
lanes on the left of this figure show virus binding to membrane
proteins from MC57 and BHK cells which had been separated by
SDS-PAGE and transferred onto nitrocellulose. The lanes in the
center were incubated with unlabeled LCMYV prior to and during the
treatment with %I-labeled LCMV, and those on the right were
incubated with unlabeled HSV-1 prior to and during treatment with
125]-labeled LCMV.

protein’s glycosylation (see below). Further, the appearance
of the band was similar under reducing (Fig. 4 and 5) and
nonreducing conditions (not shown), indicating that the
virus-binding entity did not have disulfide-linked subunits.
The virus-binding component could also be solubilized from
membranes by detergent treatment (not shown).

To confirm that the LCMV-binding substance was protein-
aceous, VOPBAs were performed on MC57 and BHK cell
membranes treated with proteinase K prior to SDS-PAGE.
As shown in Fig. 6, LCMV failed to react with these
membranes; similar results were obtained with other prote-
ases (a-chymotrypsin, subtilisin, pronase E, and papain;
data not shown).

The effect of glycosidase treatment of the membrane
proteins was also investigated. Endoglycosidase H, which

Proteinase K

-+ - +
205 kD —
116s5k0-1 W
80 kD —
BHK MC57

FIG. 6. Effect of proteinase K treatment of membrane compo-
nents on the entity to which LCMV binds. Ninety-microgram
aliquots of membrane proteins from MC57 and BHK cells were
incubated overnight at 37°C with (+) or without (=) 10 pg of
proteinase K, run on an SDS-PAGE gel, transferred to nitrocellu-
lose, and analyzed by VOPBA for LCMYV binding.
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FIG. 7. Effect of neuraminidase and endoglycosidase F/N-gly-
cosidase F treatment of membrane components on the entity to
which LCMV binds. Ninety-microgram aliquots of membrane pro-
teins from MCS57 cells (upper panel) and BHK cells (lower panel)
were denatured and incubated overnight in a pH 7.0 buffer without
enzymes (Buffer only), with 0.5 U of endoglycosidase F/N-glycosi-
dase F only (Endo F alone), with 167 mU of neuraminidase from C.
Dperfringens only (Neur alone), or for 1 h with neuraminidase and
then overnight with endoglycosidase F/N-glycosidase F (Endo F/+
Neur). These samples and untreated control membranes were then
run on SDS-PAGE gels, transferred to nitrocellulose, and analyzed
by VOPBA for LCMV binding.

removes high-mannose-type carbohydrates from glycopro-
teins had no effect on the binding ability or size of the
membrane component recognized by LCMV (not shown).
By contrast, neuraminidases, which remove terminal sialic
acid residues from complex glycoproteins, decreased the
size of the LCMV-binding protein (Fig. 7). LCMV binding
thus occurs to a glycoprotein(s) which bears complex, but
not high-mannose-type, carbohydrates. Endoglycosidase
F/N-glycosidase F (which removes N-linked sugars from
glycoproteins) also decreased the size of the LCMV-binding
protein (Fig. 7), indicating that there are N-linked carbohy-
drates attached to this protein. The neuraminidase used in
the experiment shown in Fig. 7 was from C. perfringens; this
preferentially hydrolyses «(2-3) linkages of sialic acids.
Similar results were obtained with two other neuraminidases
that also hydrolyse «(2-3) linkages faster than «(2-6) linkages
(from S. typhimurium and V. cholerae) and with neuramin-
idase from A. ureafaciens, which has a higher hydrolysis
rate of a(2-6) bonds (not shown).

Neuraminidase produced a larger decrease in the molec-
ular weight of the LCMV-binding membrane component
than did endoglycosidase F/N-glycosidase F (Fig. 7), likely
reflecting a more efficient reaction because the bonds it
hydrolyses are more accessible than those cleaved by en-
doglycosidase F/N-glycosidase F. Alternatively, the LCMV-
binding protein might bear O-linked as well as N-linked
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FIG. 8. LCMV binding to membranes from MC57 cells grown in
the presence of tunicamycin. Membranes were prepared from MC57
cells grown without tunicamycin (lane 0) or in medium containing 1
ng of tunicamycin per ml overnight (18 h), for 2 days (42 h), or for 3
days (66 h). The membranes were run on SDS-PAGE gels, trans-
ferred to nitrocellulose, and analyzed by VOPBA for LCMV binding.

sugars, which would be a target for neuraminidases but not
for endoglycosidase F/N-glycosidase F. A large number of
experiments to investigate whether the LCMV-binding pro-
tein was also O-glycosylated gave inconsistent results (not
shown), leaving the O-glycosylation status of this protein
uncertain.

Figure 8 records LCMV binding to membranes from
MC57 cells grown for different times in the presence of
tunicamycin, an inhibitor of N-linked glycosylation of pro-
teins. In agreement with the results of VOPBAs on endogly-
cosidase F/N-glycosidase F-treated membranes (Fig. 7), the
LCMV-binding protein in membranes from cells treated with
tunicamycin for approximately 2 or 3 days was smaller than
that in membranes from untreated cells, but virus binding
was not affected. Interestingly, overnight tunicamycin treat-
ment did not change the molecular mass of the LCMV-
binding protein, indicating that the protein likely has a fairly
long half-life.

A final series of experiments examined the kinetics of
return of the LCMV-binding protein to the cell surface after
removal by proteases. Treatment of cells for 1 h at 37°C with
20 pg of proteinase K per ml reduced the LCMV-binding
capacity of their membranes to levels undetectable by
VOPBA (Fig. 9). After protease removal, the LCMV-bind-
ing protein first became detectable again after 45 to 60 min
and reached its original levels in 3 to 6 h. Receptor return to
the cell surface did not represent cycling of preexisting
internal pools of the protein to the cell surface but required
new protein synthesis, because it could be blocked by
cycloheximide (Fig. 9b).

DISCUSSION

We have shown that the arenavirus LCMYV binds to 120- to
140-kDa proteins on rodent fibroblastic cell lines. These
proteins are heavily glycosylated, with complex N-linked
sugars. The presence of O-linked sugars is not clear, but
carbohydrate is not involved in virus binding. Variations in
glycosylation most likely account for the slight variability in
sizes of the LCMV-binding proteins on mouse, rat, and
hamster cell lines. Significant binding of LCMV to and the
presence of an LCMV-binding protein were not detected on
lymphoid cell lines which were not readily infected by the
virus. The binding of LCMYV to its candidate cell surface
receptor protein is likely mediated by the virion’s GP-1
molecule.
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FIG. 9. Time course of LCMV-binding protein return to the cell
surface after removal by proteases and cycloheximide block of
protein return. MC57 cells were treated for 1 h at 37°C with 20 g of
proteinase K per ml in PBS or with PBS alone (untreated) and then
were resuspended in RPMI + 7% serum + 100 U of aprotinin per ml
and incubated at 37°C in 5% CO, for the indicated times before
membrane preparation. An equal proportion of the membranes from
the cells in each flask was run on a 7.2 by 10 cm SDS-PAGE gel and
analyzed by VOPBA for LCMV binding. (b) Two sets of four flasks
of cells were processed in parallel. One set was treated with 100 pg
of cycloheximide per ml for 5 h prior to and throughout the
experiment, and the other was not (No cycloheximide).

Two techniques were used to investigate LCMYV interac-
tion with candidate cellular receptors. The first of these, in
which the attachment of biotinylated virus to cells is quan-
titated, was initially devised by Ingharimi et al. (30) to
monitor Epstein-Barr virus attachment to different lymphoid
cells in a heterogeneous population. We used it here to
compare the attachment of LCMYV to different cell lines. Cell
lines readily infected by LCMV bound the virus in a dose-
dependent manner. In contrast, lymphoid cell lines, in which
<0.1% of the cells became infected as assessed by expres-
sion of viral nucleoprotein 16 h after infection at a multiplic-
ity of infection of 3 PFU per cell, showed low levels of virus
binding even at high virus concentrations.

The proteinaceous nature of the LCMV-binding entity on
MCS57 cells was demonstrated when proteases destroyed the
virus-binding component on the host cell surface, whereas
phospholipase or glycosidase treatment of cells did not affect
virus binding (Tables 2, 3, and 4). The protein binding
LCMYV was sensitive to all the proteases used, which in-
cluded serine proteases (chymotrypsin, proteinase K, sub-
tilisin, and trypsin), thiol proteases (bromelain and papain),
and pronase, which is a mixture of proteases. By contrast,
many other cell surface proteins show differential suscepti-
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bilities to proteases, e.g., major histocompatibility complex
class I proteins are insensitive to trypsin or chymotrypsin
but are cleaved near the cell surface by papain.

Cell membrane proteins either may possess hydrophobic
sequences by means of which they are inserted into the lipid
bilayer or may be attached to the membrane via covalent
linkage to bilayer lipids: a glycosyl-phosphatidylinositol an-
chor. Bacterial PI-PLC enzymes will cleave most protein-
glycosyl-phosphatidylinositol anchors and are commonly
used in glycosyl-phosphatidylinositol anchor identification
(24). PI-PLC did not remove the LCMV-binding protein
from the cell surface, suggesting that it was not glycosyl-
phosphatidylinositol linked.

The cell membrane protein(s) to which LCMV was bind-
ing was further characterized by using a VOPBA. The
VOPBA technique has been used to characterize putative
cell receptors for a number of viruses, including Sendai virus
(28), mouse hepatitis virus-A59 (8), reovirus (15, 55), human
cytomegalovirus (1, 52), Theiler’s virus (33), and visna virus
(16, 18). With mouse hepatitis virus, the virus-binding pro-
tein originally identified by VOPBA was also later shown to
act as the virus receptor in vitro and in vivo (22). LCMV
binding to a 120- to 140-kDa band was demonstrated by
VOPBA. By several criteria, this represented a specific
interaction. First, no binding followed omission of any layer
in the VOPBA (Fig. 4) or replacement with an irrelevant
component, €.g., substitution of proteins from uninfected
cells for the virus layer or of monoclonal antibodies specific
for antigens other than LCMYV for the virus-specific mono-
clonal antibodies. Second, iodinated LCMV bound directly
to the same 120- to 140-kDa band, and unlabeled LCMV, but
not an unrelated enveloped virus, HSV-1, inhibited this
binding. Third, binding to the 120- to 140-kDa band was
found in membranes prepared from four rodent cell lines that
LCMYV bound to and infected efficiently but not in protein(s)
prepared similarly from the membranes of two murine lym-
phoid cell lines which are much more resistant to LCMV
infection (Fig. 4A).

The diffuse appearance of the LCMV-binding protein band
under reducing conditions is consistent with the presence of
intramolecular disulfide bonds and/or some posttranslational
modification, e.g., oligosaccharide processing. Glycosyl-
ation of the 120- to 140-kDa protein was shown because
neuraminidase, which removes terminal sialic acid residues
from complex carbohydrates, and endoglycosidase F/N-
glycosidase F, which removes N-linked sugars from glyco-
proteins, reduced its size. Although the receptor protein was
heavily glycosylated, carbohydrates were not involved in
virus binding. LCMV bound to the protein itself, since
glycosidase treatment of membranes did not alter the effi-
ciency of virus binding, whereas proteinase K treatment of
membranes completely destroyed the virus-binding ability.
It is of interest that the LCMV-binding protein band still had
a diffuse appearance even after treatment with endoglycosi-
dase F/N-glycosidase F (Fig. 7) and on membranes from
tunicamycin-treated cells (Fig. 8). This could be because the
deglycosylation achieved was incomplete; but an alternative
explanation is that the band seen may in fact represent two
or more proteins of slightly different molecular weights
which are not resolved by the VOPBA technique. Work is
currently in progress to investigate this.

Our results suggest that LCMV uses the same proteins for
attachment to fibroblastic cell lines from several species
(mouse, rat, and hamster). However, whether the same
receptor is utilized in all species or in all tissues infected by
the virus remains to be determined. In preliminary experi-
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ments, we have also demonstrated binding of LCMV to a
120- to 140-kDa protein band in VOPBAs on membrane
proteins from two primate cell lines (Vero and 143TK™) that
are readily infected by LCMV.

One question of particular interest for understanding the
pathogenesis of persistent infection is how viruses infect
cells of the immune system. Such an infection appears to be
a key factor in the ability of a virus to cause persistence in
vivo, since as far as is known, all viruses that cause
persistent infections infect cells of the immune system
(reviewed in reference 42). In mice persistently infected with
LCMYV, most tissues carry high levels of virus as detected by
in situ hybridization (23, 48), but only 1 to 6% of peripheral
blood lymphocytes are infected (2, 43, 53). The idea that
lymphocyte infection may be restricted at the level of
receptor expression is suggested by our previous findings
that only 1 to 2% of T cells of the CD4* and CD8* subsets
bind the virus (7). In keeping with this hypothesis, we
showed here that a 120- to 140-kDa LCMV-binding protein
could not be detected on membranes from the murine
T-lymphocyte cell lines tested (RMA and RIE). How a small
percentage of lymphocytes become infected is not clear but
may reflect low levels of expression of the 120- to 140-kDa
receptor protein, the presence of a unique receptor of low
affinity, or expression restricted to a subpopulation of cells
at a particular point in the cell cycle or stage of differentia-
tion or activation.

The data presented here cast light not only on the nature of
the host cell receptor bound by LCMYV but also on the virion
protein that mediates receptor attachment (VAP). Although
there is one unconfirmed report of detecting viral NP on the
virion surface (10), it is generally accepted that the viral
glycoproteins GP-1 and GP-2 are the only proteins exposed
on the surfaces of intact virions (reviewed in reference 6;
10a, 42a). Of these two candidate VAPs, GP-1 is the more
likely possibility for two reasons. First, it is a peripheral
membrane protein, whereas GP-2 is an integral membrane
protein (12). Second, Parekh and Buchmeier (44) and Wright
and Buchmeier (58) noted that of multiple monoclonal anti-
bodies raised to epitopes on the LCMYV glycoproteins, those
able to neutralize virus in vitro or mediate protection in vivo
were only directed against GP-1, whereas antibodies to GP-2
were nonneutralizing. We found that the GP-1-specific anti-
body WE-36.1 blocked LCMV binding to MC57 cells,
whereas two monoclonal antibodies against different over-
lapping epitopes on GP-2 failed to affect virus binding (Fig.
3). This finding provides strong evidence that GP-1 mediates
LCMYV attachment to cells, although direct proof that GP-1
is the VAP awaits evidence that purified GP-1 binds to the
cellular receptor for LCMV.

In summary, we have identified a 120- to 140-kDa glyco-
protein component of the membrane of cell lines to which
LCMYV binds which is a candidate cellular receptor for the
virus. To definitively document that the 120- to 140-kDa
band is the LCMV receptor, we are (i) currently purifying
the protein, (ii) raising antibodies to it that will be tested for
the ability to block virus attachment both in vivo and in
vitro, and (iii) attempting to isolate the gene encoding this
protein from bacterial and eukaryotic expression libraries.

ACKNOWLEDGMENTS

The authors thank Michael Buchmeier for LCMV-specific anti-
bodies and helpful discussions; Sandy Schmidt and John Elder for
help and advice; Don McQuiddy, Leo Fernandez, and John Jour-
bran for invaluable expertise with FACS analysis; Victor Vedovato



7280

BORROW AND OLDSTONE

for technical assistance; and Valerie Felts, Jodi Johnson, and
Beatrice Cubitt for preparation of the manuscript and figures.

This work was supported by NIH grants AI09484, NS12428, and
AGO04342. Persephone Borrow was the recipient of postdoctoral
fellowships from the National Multiple Sclerosis Society (FG 822-
A-1) and the Multiple Sclerosis Society of Great Britain and North-
ern Ireland (M/C/S-2/89 [A]).

10.

REFERENCES

. Adlish, J. D., R. S. Lahijani, and S. C. St. Jeor. 1990. Identifi-

cation of a putative cell receptor for human cytomegalovirus.
Virology 176:337-345.

. Ahmed, R. A., C.-C. King, and M. B. A. Oldstone. 1987.

Virus-lymphocyte interaction: T cells of the helper subset are
infected with lymphocytic choriomeningitis virus during persist-
ent infection in vivo. J. Virol. 61:1571-1579.

. Ahmed, R. A., A. Salmi, L. D. Butler, J. M. Chiller, and

M. B. A. Oldstone. 1984. Selection of genetic variants of LCMV
in spleens of persistently infected mice. J. Exp. Med. 160:521—
540

. Alb;itton, L. M., L. Tseng, D. Scadden, and J. M. Cunningham.

1989. A putative murine ecotropic retrovirus receptor gene
encodes a multiple membrane-spanning protein and confers
susceptibility to virus infection. Cell 57:659-666.

. Aminoff, D. 1959. The determination of free sialic acid in the

presence of the bound compound. Virology 7:355-357.

. Bishop, D. H. L. 1989. Arenaviridae and their replication, p.

1231-1244. In B. Fields (ed.), Virology, 2nd ed. Raven Press,
New York.

. Borrow, P., A. Tishon, and M. B. A. Oldstone. 1991. Infection of

lymphocytes by a virus that aborts cytotoxic T lymphocyte
activity and establishes persistent infection. J. Exp. Med.
174:203-212.

. Boyle, J. F., D. G. Weismiller, and K. V. Holmes. 1987. Genetic

resistance to mouse hepatitis virus correlates with absence of
virus-binding activity on target tissues. J. Virol. 61:185-189.

. Bradford, M. M. 1976. A rapid and sensitive method for the

quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 72:248-256.
Bruns, M., W. Zeller, and F. Lehmann-Grube. 1986. Studies on
the mechanism of LCMV homologous interference. Med. Mi-
crobiol. Immunol. 175:101-104.

10a.Buchmeier, M. J., et al. Unpublished data.

11.

12.

13.

14.

15.

16.

17.

18.

Buchmeier, M. J., H. A. Lewicki, O. Tomori, and M. B. A.
Oldstone. 1981. Monoclonal antibodies to lymphocytic chori-
omeningitis and Pichinde viruses: generation, characterization
and cross-reactivity with other arenaviruses. Virology 113:73-
85.

Buchmeier, M. J., and M. B. A. Oldstone. 1979. Protein struc-
ture of lymphocytic choriomeningitis virus: evidence for a
cell-associated precursor of the virion glycopeptides. Virology
99:111-120.

Buchmeier, M. J., R. M. Welsh, F. J. Dutko, and M. B. A.
Oldstone. 1980. The virology and immunobiology of lympho-
cytic choriomeningitis virus infection. Adv. Immunol. 30:275-
331.

Burns, J. W., and M. J. Buchmeier. 1991. Protein-protein
interactions in lymphocytic choriomeningitis virus. Virology
183:620-629.

Choi, A. H. C., R. W. Paul, and P. W. K. Lee. 1990. Reovirus
binds to multiple plasma membrane proteins of mouse L fibro-
blasts. Virology 178:316-320.

Crane, S. E., J. Buzy, and J. E. Clements. 1991. Identification of
cell membrane proteins that bind visna virus. J. Virol. 65:6137-
6143.

Dalgleish, A. G., P. C. L. Beverley, P. R. Clapman, D. H.
Crawford, M. F. Greaves, and R. A. Weiss. 1984. The CD4 (T4)
antigen is an essential component of the receptor for the AIDS
retrovirus. Nature (London) 312:763-767.

Dalziel, R. G., J. Hopkins, N. J. Watt, B. M. Dutia, H. A. K.
Clarke, and I. McConnell. 1991. Identification of a putative
cellular receptor for the lentivirus visna virus. J. Gen. Virol.
72:1905-1911.

19.

20.

21.

22.

23.

24.

26.

27.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

J. VIrOL.

DePolo, N. S., C. Giachetti, and J. J. Holland. 1987. Continuing
coevolution of virus and defective interfering particles and of
viral genome sequences during undiluted passages: viral mu-
tants exhibiting nearly complete resistance to formerly domi-
nant defective interfering particles. J. Virol. 61:454-464.
Doyle, M. V., and M. B. A. Oldstone. 1978. Interactions between
viruses and lymphocytes. 1. In vivo replication of LCMV in
mononuclear cells during both chronic and acute viral infec-
tions. J. Immunol. 121:1262-1269.

Dutko, F. J., and M. B. A. Oldstone. 1983. Genomic and
biological variation among commonly used lymphocytic chori-
omeningitis virus strains. J. Gen. Virol. 64:1689-1698.
Dveksler, G. S., M. N. Pensiero, C. B. Cardellichio, R. K.
Williams, G.-S. Jiang, K. V. Holmes, and C. W. Dieffenbach.
1991. Cloning of the mouse hepatitis virus (MHV) receptor:
expression in human and hamster cell lines confers susceptibil-
ity to MHV. J. Virol. 65:6881-6891.

Fazakerley, J. K., P. Southern, F. Bloom, and M. J. Buchmeier.
1991. High resolution in situ hybridization to determine the
cellular distribution of lymphocytic choriomeningitis virus RNA
in the tissues of persistently infected mice: relevance to arena-
virus disease and mechanisms of viral persistence. J. Gen.
Virol. 72:1611-1625.

Ferguson, M. A. J., and A. F. Williams. 1988. Cell-surface
anchoring of proteins via glycosyl-phosphatidylinositol struc-
tures. Annu. Rev. Biochem. 57:285-320.

. Field, H. J., and P. Wildy. 1978. The pathogenicity of thymidine

kinase-deficient mutants of herpes simplex virus in mice. J.
Hygiene 81:267-277.

Fingeroth, J. D., J. J. Weiss, T. F. Tedder, J. L. Strominger,
P. A. Biro, and D. T. Fearon. 1984. Epstein-Barr virus receptor
of human B lymphocytes is the C3d receptor CR2. Proc. Natl.
Acad. Sci. USA 81:4510-4514.

Fotiadis, C., D. R. Kilpatrick, and H. L. Lipton. 1991. Compar-
ison of the binding characteristics to BHK-21 cells of viruses
representing the two Thieler’s virus neurovirulence groups.
Virology 182:365-370.

. Gershoni, J. M., M. Lapidot, N. Zakai, and A. Loyter. 1986.

Protein blot analysis of virus receptors: identification and char-
acterization of the Sendai virus receptor. Biochim. Biophys.
Acta 856:19-26.

Greve, J. M., G. Davis, A. M. Meyer, C. P. Forte, S. C. Yost,
C. W. Marlor, M. E. Kamarck, and A. McClelland. 1989. The
major human rhinovirus receptor is ICAM-1. Cell 56:839-847.
Ingharimi, G., M. Nakamura, J. E. Balow, A. L. Notkins, and P.
Casali. 1988. Model for studying virus attachment: identification
and quantitation of Epstein-Barr virus binding cells by using
biotinylated virus in flow cytometry. J. Virol. 62:2453-2463.
Johnson, P. A., M. G. Best, T. Friedmann, and D. S. Parris.
1991. Isolation of a herpes simplex virus type 1 mutant deleted
for the essential ULA42 gene and characterization of its null
phenotype. J. Virol. 65:700-710.

Jondal, M., G. Kleen, M. B. A. Oldstone, V. Bokish, and E.
Yefenof. 1976. Surface markers on B and T lymphocytes. VIII.
Association between complement and EBV receptor on human
lymphoid cells. Scand. J. Immunol. 5:401-410.

Kilpatrick, D. R., and H. L. Lipton. 1991. Predominant binding
of Theiler’s viruses to a 34-kilodalton receptor protein on
susceptible cell lines. J. Virol. 65:5244-5249.

Kim, J. W,, E. L. Closs, L. M. Albritton, and J. M. Cunningham.
1991. Transport of cationic amino acids by the mouse ecotropic
retrovirus receptor. Nature (London) 352:725-728.

Klatzmann, D., E. Champagne, S. Chamaret, J. Gruest, D.
Guetard, T. Hercend, J.-C. Gluckman, and L. Montagnier. 1984.
T-lymphocyte T4 molecule behaves as the receptor for human
retrovirus LAV. Nature (London) 312:767-768.

Komai, K., M. Kaplan, and M. E. Peeples. 1988. The Vero cell
receptor for the hepatitis B virus small S protein is a sialogly-
coprotein. Virology 163:629-634.

Lentz, T. L., T. G. Burrage, A. L. Smith, J. Crick, and G. H.
Tignor. 1982. Is the acetylcholine receptor a rabies virus recep-
tor? Science 215:182-184.

Mastromarino, P., C. Conti, P. Goldoni, B. Hauttecoeur, and N.



VoL. 66, 1992

39.

41.

42.

Orsi. 1987. Characterization of membrane components of the
erythrocyte involved in vesicular stomatitis virus attachment
and fusion at acidic pH. J. Gen. Virol. 68:2359-2369.
Mendelsohn, C. L., E. Wimmer, and V. R. Racaniello. 1989.
Cellular receptor for poliovirus: molecular cloning, nucleotide
sequence, and expression of a new member of the immunoglob-
ulin superfamily. Cell 56:855-865.

. Nemerow, G. R., R. Wolfert, M. E. McNaughton, and N. R.

Cooper. 1985. Identification and characterization of the Epstein-
Barr virus receptor on human B lymphocytes and its relation-
ship to the C3d complement receptor (CR2). J. Virol. 55:347-
351.

O’Hara, B., S. V. Johann, H. P. Klinger, D. G. Blair, H.
Rubinson, K. J. Dunn, P. Sass, S. M. Vitek, and T. Robins. 1990.
Characterization of a human gene conferring sensitivity to
infection by gibbon ape leukaemia virus. Cell Growth Diff.
1:119-127.

Oldstone, M. B. A. 1991. Molecular anatomy of viral persis-
tence. J. Virol. 65:6381-6386.

42a.0Oldstone, M. B. A., et al. Unpublished data.

43.

45.

47.

Oldstone, M. B. A., M. Salvato, A. Tishon, and H. Lewicki. 1988.
Virus-lymphocyte interactions. III. Biologic parameters of a
virus variant that fails to generate CTL and establishes persist-
ent infection in immunocompetent hosts. Virology 164:507-516.

. Parekh, B. S., and M. J. Buchmeier. 1986. Proteins of LCMV:

antigenic topography of the viral glycoproteins. Virology 153:
168-178.

Paulson, J. C., J. E. Sadler, and R. L. Hill. 1979. Restoration of
specific myxovirus receptors to asialoerythrocytes by incorpo-
ration of sialic acid with pure sialyltransferases. J. Biol. Chem.
254:2120-2124.

. Sambrook, J., E. F. Fritsch, and T. Maniatis (ed.). 1989.

Molecular cloning: a laboratory manual, 2nd ed. Cold Spring
Harbor Laboratory, Cold Spring Harbor, N.Y.

Shevach, E. M., J. D. Stobo, and I. Green. 1972. Immunoglob-
ulin and ¢-bearing murine leukemias and lymphomas. J. Immu-
nol. 108:1146-1151.

. Southern, P. J., P. Blount, and M. B. A. Oldstone. 1984.

Analysis of persistent virus infections by in situ hybridization to
whole-mouse sections. Nature (London) 312:555-558.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

LCMV-BINDING PROTEIN(S)  .7281

Staunton, D. E., V. J. Merluzzi, R. Rothlein, R. Barton, S. D.
Marlin, and T. A. Springer. 1989. A cell adhesion molecule,
ICAM-1, is the major surface receptor for rhinoviruses. Cell
56:849-853.

Superti, F., and G. Donelli. 1991. Gangliosides as binding sites in
SA-11 rotavirus infection of LLC-MK2 cells. J. Gen. Virol.
72:2467-2474.

Takeuchi, Y., R. G. Vile, G. Simpson, B. O’Hara, M. K. L.
Collins, and R. A. Weiss. 1992. Feline leukemia virus subgroup
B uses the same cell surface receptor as gibbon ape leukemia
virus. J. Virol. 66:1219-1222.

Taylor, H. P., and N. R. Cooper. 1990. The human cytomega-
lovirus receptor on fibroblasts is a 30-kilodalton membrane
protein. J. Virol. 64:2484-2490.

Tishon, A., P. J. Southern, and M. B. A. Oldstone. 1988.
Virus-lymphocyte interactions. II. Expression of viral se-
quences during the course of persistent lymphocytic choriomen-
ingitis virus infection and their localization to the L3T4 lympho-
cyte subset. J. Immunol. 140:1280-1284.

Tomassini, J. E., D. Graham, C. M. DeWitt, D. W. Lineberger,
J. A. Rodkey, and R. J. Colonno. 1989. cDNA cloning reveals
that the major group rhinovirus receptor on HeLa cells is
intercellular adhesion molecule 1. Proc. Natl. Acad. Sci. USA
86:4907-4911.

Verdin, E. M., G. L. King, and E. Maratos-Flier. 1989. Charac-
terization of a common high-affinity receptor for reovirus sero-
types 1 and 3 on endothelial cells. J. Virol. 63:1318-1325.
Vile, R. G., and R. A. Weiss. 1991. Virus receptors as perme-
ases. Nature (London) 352:666-667.

Wang, H., M. P. Kavanaugh, R. A. North, and D. Kabat. 1991.
Cell-surface receptor for ecotropic murine retroviruses is a
basic amino-acid transporter. Nature (London) 352:729-731.
Wright, K. E., and M. J. Buchmeier. 1991. Antiviral antibodies
attenuate T-cell-mediated immunopathology following acute
lymphocytic choriomeningitis virus infection. J. Virol. 65:3001-
3006

Yefenof, E., G. Klein, M. Jondal, and M. B. A. Oldstone. 1976.
Two color immunofluorescence studies on the association be-
tween EBV receptor and complement receptor on the surface of
lymphoid cell lines. Int. J. Cancer 17:693-700.



