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Plasma membrane preparations from KA31 (mouse) cells contained receptors
for the binding of Rauscher murine leukemia virus (R-MuLV) envelope glycopro-
tein, gp7O. This binding was demonstrated by gel filtration of a mixture of the
microsomal fraction of the cells and '25I-labeled gp7O. A rapid and convenient
assay was developed to measure the complex formation between the membrane
receptors and gp7O involving specific precipitation of the complex by 3 to 4%
polyethylene glycol. The complex formation was responsive to the concentrations
of both the receptor and gp7O and also to changes in temperature and pH. The
gp7O binding was a noncooperative, saturable process, and an association constant
of 3.5 x 108 M- was estimated from the binding data. The complex formation
was reversible and a near-total exchange of "2'I-labeled gp7O in the complex was
achieved by incubation with excess of unlabeled gp7O. The complex formation
was inhibited by protein denaturing agents, guanidine-hydrochloride and urea.
Pretreatment of the membrane fractions with either chymotrypsin or phospholi-
pase C led to a loss of the membrane-associated receptor activity, indicating that
a lipoprotein structure was important for the receptor function, consistent with
the observation that nonionic detergents strongly inhibited the complex forma-
tion.

Interaction between a cell and a virus particle
at the surface level is one of the essential initial
steps in viral infection of a cell. Therefore, cells
susceptible to retroviral infection must have spe-
cific surface receptors to mediate the adsorption
and penetration of the virus particle. Such spe-
cific binding ofenveloped viruses on cell surfaces
has been visualized by electron microscopy (6,
20). Several lines of evidence argue that this cell-
virus interaction involves the glycoprotein com-
ponent of the virus envelope. Thus, Rous sar-
coma virus stocks that lack the envelope glyco-
protein as a result of genetic defect (7) do not
adsorb to cells and are therefore noninfectious.
This defect can be overcome by preparing pseu-
dotypes of these viruses containing the envelope
glycoprotein of another virus with the proper
specificity. Enzymatic removal of the envelope
glycoprotein also results in the loss of virus
infectivity (23). The plasma membrane is known
to be involved in the eaxgy stages of infection by
many enveloped viruses (5, 18), but information
on the molecular aspects of the specificity of
RNA tumor virus interaction with cell mem-
branes is extremely limited. Cultures of some
chicken embryos have been shown to be selec-

tively resistant to infection with certain strains
of Rous sarcoma virus. This has been explained
as a result of these cells lacking the receptor for
the particular virus strains (9, 30). Two viruses
bearing related envelope glycoproteins interfere
with each other in the infection of a susceptible
cell. The first virus that infects appears to block
the receptor for the second virus (31). Normal
murine cells have been shown to specifically
bind purified envelope glycoprotein, gp7O of
Rauscher murine leukemia virus (R-MuLV) (3,
8, 10; K. Ganguly, V. S. Kalyanaraman, R. C.
Gallo, and M. G. Sarngadharan, unpublished
results). The present study was initiated to an-
alyze the nature of the murine cell surface re-
ceptor for R-MuLV. Our results demonstrate
fractionation of these receptors and a partial
characterization of their'chemical nature.

MATERIALS AND METHODS
Cells and viruses. A Kirsten murine sarcoma vi-

rus-transformed A31 clone of BALB/c-3T3 (KA31)
cells was grown in monolayer in RPMI-1640 medium
supplemented with 5% fetal calf serum, provided by
Biotech Research Laboratories, Rockville, Md. R-
MuLV, Moloney-MuLV, AKR virus, Gross-MuLV,

686



CELLULAR RECEPTOR FOR R-MuLV gp7O 687

simian sarcoma virus (SSV), and baboon endogenous
virus (M7) were provided by the Virus Cancer Pro-
gram, National Cancer Institute.
Enzymes. Neuraminidase (Vibrio cholerae) was

purchased from Calbiochem. Trypsin (code:
TRTPCK) and phospholipases A and C were obtained
from Worthington. a-Galactosidase, f,-galactosidase,
a-glucosidase, a-L-fucosidase, and N-acetyl-f,-glucos-
aminidase were from Boehringer-Mannheim. Papain
and a-chymotrypsin were Sigma Chemical Co. prod-
ucts.
Chemicals and reagents. Lentil lectin bound to

agarose was either purchased from P. L. Biochemicals
or prepared in our laboratory. In the latter instance,
the lectin was purified from lentil extracts by an ad-
aptation of published procedures (13, 14) and attached
to CNBr-activated Sepharose 4B. Carrier-free Na"25I
was obtained from New England Nuclear. Phenyl-
methylsulfonylfluoride (PMSF) was purchased from
Sigma. All other chemicals used were of the highest
purity commercially available.

Preparation of the membrane fractions. KA31
celLs (2 g) were suspended in 20 ml of 10 mM Tris-
hydrochloride buffer, pH 7.5, containing 10 mM NaCl,
0.1 mM PMSF, and 1 mM MgCl2 and were allowed to
swell for 20 min. The cells were broken by manual
Dounce homogenization (20 to 40 strokes), and the
nuclei and mitochondria were removed from the ho-
mogenate by successive 10-min centrifugations at
1,000 x g and 10,000 x g. The 10,000-x-g supernatant
was centrifuged at 100,000 x g in a Spinco ultracen-
trifuge, and the pellet obtained was collected and
suspended at a protein concentration of 2 to 3 mg/ml
in 10 mM Tris buffer, pH 7.5, containing 10% glycerol,
1 mM EDTA, and 0.1 mM PMSF.
The majority of the receptor activity was observed

in the 1,000-x-g supernatant fraction from the cell
lysate. When this supernatant fraction was further
fractionated into a 10,000-x-g pellet and a 100,000-x-
g pellet, the receptor activity was fairly evenly distrib-
uted between the two fractions. There was no activity
seen in the 100,000-x-g supernatant. In most experi-
ments, we used the 100,000-x-g pellet as the receptor
source because of the higher specific activity of this
fraction compared with the 10,000-x-g pellet. How-
ever, we used the 10,000-x-g pellet in the experiments
with digestive enzymes because of the convenience in
isolating the treated membranes by relatively low-
speed centrifugations.
When the 1,000-x-g supernatant of the cell lysate

was centrifuged through a 25 to 65% (wt/vol) sucrose
gradient, according to a published procedure (22), the
receptor activity was recovered in the plasma mem-
brane fraction (data not shown).

Purification ofR-MuLV gp7O. We have used two
different procedures for purifying the viral envelope
glycoprotein, gp70, and both have yielded satisfactory
preparations with identical receptor binding proper-
ties.

Procedure 1: Density-banded R-MuLV (20 mg) was

lysed with a mixture of Triton X-100 (0.5%) and NaCl
(0.8 M). The lysate was treated with 0.1 mM PMSF,
and diluted to reduce the NaCl concentration to 0.25
M, and chromatographed on a column (15 ml) of
DEAE-cellulose equilibrated with 0.25 M NaCl in 50

mM Tris-hydrochloride buffer, pH 7.9, containing 1
mM dithiothreitol to remove the nucleic acids. The
flow-through fractions and the 0.25 M NaCl wash
containing the unadsorbed proteins were combined
and dialyzed against buffer A [10 mM N,N-bis(2-hy-
droxyethyl)-2-aminomethane sulfonic acid (BES)
buffer, pH 6.5, containing 1 mM EDTA] and chro-
matographed on a 15-ml column of phosphocellulose
equilibrated with buffer A, according to the method of
Strand and August (27). After a thorough wash, the
adsorbed proteins were eluted from the column by a
linear 0 to 1 M NaCl gradient (150 ml) in buffer A.
Aliquots from the column fractions were analyzed by
sodium dodecyl sulfate-polyacrylamide slab gel elec-
trophoresis, according to the method of Laemmli (17),
and the fractions corresponding to the 70,000-molec-
ular-weight glycoprotein were pooled. After concen-
tration by lyophilization, the protein was further pu-
rified by gel filtration on a Sephadex G-150 column
equilibrated with 10 mM sodium phosphate buffer
containing 0.3 M NaCl and 0.5 mM PMSF.

Procedure 2: In this alternative procedure, the un-
adsorbed proteins from the DEAE-cellulose step de-
scribed in procedure 1 were dialyzed against buffer B
(10 mM sodium phosphate [pH 6.5], 0.2 M NaCl, 1
mM CaCl2, 1 mM MgCl2, and 0.2 mM MnCl2) and
applied to a column (5 ml) of lentil lectin attached to
Sepharose 4B, equilibrated with buffer B. After wash-
ing with buffer B, the column was developed with 0.1
M a-methylmannopyranoside in buffer B. The glyco-
protein eluted by this step was, in most cases, nearly
homogeneous, as indicated by a single protein band
when analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis. When necessary, this ma-
terial was further purified by gel filtration on Sephadex
G-150 as described in procedure 1.

Purified gp7O from either procedure was dialyzed
against 10 mM sodium phosphate containing 0.1 mM
PMSF and stored in small portions at -70°C. Samples
were labeled with "1I, according to the procedure of
Greenwood et al. (11), using chloramine T as the
oxidant. The specific radioactivity of the iodinated
gp7O varied between 5,000 and 10,000 cpm/ng of pro-
tein. A representative sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis profile of an iodinated
(125I) sample of purified gp7O is shown in Fig. 1.
Assay for receptor-gp7O complex. A sample of

the membrane suspension (10 to 20,g of protein/20
Id) was incubated at 24°C with 200 pl of 125"-labeled R-
MuLV gp7O (ca. 50,000 cpm) in Dulbecco modified
Eagle medium containing 50 mM BES buffer, pH 6.5,
and 1 mg of bovine serum albumin per ml. After 1 h,
0.5 ml of a 0.5-mg/ml concentration of bovine y-glob-
ulin and 0.5 ml of 9.75% polyethylene glycol 6000
(Fisher Chemicals) were added, and the mixture was
kept in ice for 10 min. The precipitated complex was
centrifuged for 5 min in an Eppendorf centrifuge. The
pellet was resuspended in 4% polyethylene glycol and
recentrifuged, and the radioactivity in the washed
pellet was determined in an LKB Ultrogamma
counter. Nonspecific background binding (4,000 to 7,-
000 cpm), determined by including, in addition to
radiolabeled gp7O, 450 ng of unlabeled R-MuLV gp7O
in the assay mixture, was subtracted from each exper-
iment.
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FIG. 1. Electrophoretic profile of '25I-labeled R-MuLV glycoprotein, gp70, purified by procedure 1 and
iodinated using the chloramine Tprocedure. Electrophoresis wasperformed in thepresence ofsodium dodecyl
sulfate on 10% polyacrylamide gels, according to the method ofLaemmli (17). The gels were divided in 1-mm
slices, and the radioactivity was determined by a gamma counter. A molecular weight value of 70,000 was
determined for the radioactivity peak. The standards used for molecular weight calibration were phospho-
rylase B (93,000), bovine serum albumin (68,000), ovalbumin (43,000), and chymotrypsinogen (25,500).

Protein concentrations were determined by the
method of Lowry et al. (19).

RESULTS
Purification of R-MuLV gp7O. The enve-

lope glycoprotein (gp7O) ofR-MuLV used in the
present study was purified from concentrated
virus preparations by either ion-exchange and
gel filtration chromatographies, according to the
procedure of Strand and August (27), or by
affinity chromatography on a lectin-Sepharose
column as described above. Both procedures
have consistently yielded nearly homogeneous
preparations. A representative electrophoretic
profile of a purified preparation of the glycopro-
tein on sodium dodecyl sulfate-polyacrylamide
gel electrophoresis is given in Fig. 1. The 125I-
labeled gp7O used in the following experiments
was almost completely precipitable by trichlo-
roacetic acid and was greater than 90% precipi-
table by an antiserum directed against R-MuLV
gp7O.

Specific precipitation of the receptor-
gp7O complex by polyethylene glycol. Many
different approaches have been used to monitor
complex formation between proteins and their
specific receptors. Selective precipitation with
ammonium sulfate (24) or polyethylene glycol
(4) have been employed in the case of complexes
involving soluble receptors. For membrane-
bound receptors, filtration through nitrocellu-
lose disks has been used to determine the com-

plex formation (28). In our experience, the filter
method gave extremely high background values
when applied to the binding of "251-labeled gp7O
to membrane-associated receptors. We were in-
terested in developing an assay that would be
immediately applicable to membrane-associated
receptors but would also be capable of assaying
for the receptor molecule when we have it solu-
bilized and fractionated. The method we de-
scribed above has been very satisfactory for the
assay of membrane-bound receptors and is also
adaptable to assay of soluble receptors.

Figure 2 shows the effect of polyethylene gly-
col on the precipitation of the complex between
125I-labeled gp7O and the cell membrane fraction.
The specific precipitation is optimum at 3 to 4%
polyethylene glycol. Above 6% polyethylene gly-
col precipitation of '25I-labeled gp7O starts to
increase rapidly, and the specificity for the re-
ceptor-gp7O complex is lost.
Demonstration of the binding ofR-MuLV

gp7O to cell membrane fractions. To ascer-
tain that the results obtained with the assay
system described earlier in the paper truly re-
flected specific binding of purified gp7O to the
membrane receptors, the following experiment
was conducted. A portion of the microsomal
preparation was mixed with '25I-labeled gp7O,
and the mixture was chromatographed on a col-
umn of Sepharose CL-6B (Pharmacia). Frac-
tions of 1.5 ml were collected, and samples were
assayed for radioactivity. Two peaks of radio-

J. VIROL.
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FIG. 2. Effect of polyethylene glycol 6000 concen-
tration on the precipitation of '25I-labeled R-MuLV
gp70-membrane receptor complex. The assays were
performed using 85,000 cpm of '"hI-labeled gp70 as
described in the text, except that the final concentra-
tion ofpolyethylene glycol used forprecipitation was
varied from 0 to 6%. 0, precipitation of "LI-labeled
gp70 in the presence of the membrane fraction with
no added nonradioactive gp7O; 0, precipitation of
'`I-labeledgp70 in thepresence ofmembrane fraction
when nonradioactive gp7O was also added to the
reaction mixture. The latter represents the nonspe-
cific binding of "I-labeled gp7O to the membranes.

activity were obtained, one corresponding to the
void volume of the column (fractions 23 to 27)
that represented '25I-labeled gp7O bound to the
membranes, and the other corresponding to the
peak of free '25I-labeled gp7O (fractions 44 to 60)
(Fig. 3). When the microsomal fraction was
preincubated with nonradioactive gp7O before
addition of '2II-labeled gp7O, most of the labeled
gp7O was recovered in the second peak in the
chromatogram, and very little was found as part
of the complex (Fig. 3). These results demon-
strate that the microsome membrane fractions
contained true saturable receptor sites for R-
MuLV gp7O.
When assayed as described above, the amount

of gp7O that was bound increased as a function
of the concentration of the membrane fraction
in the incubation. At a fixed concentration of
'25I-labeled gp7O, the binding of the protein was
linear at the lower concentrations of the mem-
brane fraction, but it approached a plateau at
higher concentrations (Fig. 4).

Effect oftemperature and pH on receptor
activity. Figure 5 shows the kinetics of forma-
tion of the receptor-gp7O complex at 4, 24, and
370C. The complex formation was very rapid at
370C, reaching the maximum point in about 25
min. With longer incubation there was a sub-
stantial decrease in the complex yield, presum-
ably due to degradation of "'I-labeled gp7O. At

240C, although the reaction rate was slower, the
same maximum binding was reached as at 370C,
and there was no detectable decline in the com-
plex yield with prolonged incubation. The rate
of complex formation at 40C was extremely slow
and required overnight incubation to reach the
same plateau as at 24°C (data not shown). For
the gp7O-receptor binding assays, we regularly
use incubation at 240C.
The receptor-gp7O complex formation was

also affected by pH. The maximum binding was
observed at pH 6.5. Relative to the binding at
pH 6.5, the binding at the pH values of 6, 7, 8,
and 9 was 84.4, 89.1, 83, and 58.3%, respectively.
These results are substantially similar to those
observed in the binding of R-MuLV gp7O to
intact murine cells (8; K. Ganguly, unpublished
data).
Requirements of Ca2" for gp7O-receptor

complex formation. The metal ion require-
ment for the complex formation between gp7O
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FIG. 3. Gel filtration of'25I-labeledR-MuLVgp70-
membrane complex. '"I-labeled R-MuLVgp7O (670,-
000 cpm) was incubated with the membrane fraction
(370 pg ofprotein), prepared as described in the text,
in 1.1 ml ofDulbecco modified Eagle medium buffered
with 50 mM BES (pH 6.5) and containing 1 mg of
bovine serum albumin per ml (binding medium) for 1
h at 24°C. The mixture was then applied to a column
(1.2 x 50 cm) of Sepharose CL-6B equilibrated with
the binding medium. The column was developed with
the same medium, and fractions of 1.5 ml were col-
lected and their radioactivity was determined in a
gamma counter. As a control, an identical experiment
was done by including 5 pg of unlabeled R-MuLV
gp7O in the initial reaction mixture in addition to
'25I-labeled gp70. Total radioactivity in the fractions
from the experiment without (0) and with (0) unla-
beled gp7O is represented in the profile. The total
recovery of radioactivity in both experiments was
similar.
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FIG. 4. Receptor activity as a function of mem-

brane protein concentration. Increasing amounts of
membrane fraction were incubated with a constant
amount (54,000 cpm) of '251-labeled R-MuLV gp7O
under standard assay conditions, and the amount of
bound radioactivity was then determined by precipi-
tation with polyethylene glycol. The nonspecific back-
ground binding was 7,600 cpm, which was subtracted
from each point.

and the membrane receptor was analyzed by
using a modification of the standard assay sys-

tem. The mixture of 125I-labeled gp7O and recep-

tor preparation was incubated in the absence of
Dulbecco modified Eagle medium but in the
presence of various divalent metal salts or

EDTA (Table 1). The maximum binding of gp7O
was obtained in the presence of Ca2+, Mg2+, Zn2+,
or Co2+ could not effectively replace Ca2` for the
binding activity. Mg2" when added with Ca2+
had no stimulatory effect. Mn2+ partially substi-
tutes for Ca2+. A low activity observed in the
absence of any added divalent cation may be
due to trace amounts of metal ions present in
either the membrane fractions or in one of the
assay components because this activity is com-
pletely eliminated when EDTA is added to the
binding mixture. The requirement of Ca2"
and/or Mn2+ for the complex formation is typical
of interactions involving glycoproteins (1, 15).
Characteristics ofthe binding ofR-MuLV

gp7O to cell membrane fraction. The extent
of binding of gp70 by the cell surface receptor
increased as a function of the concentration of
gp70. This saturation process was studied by
using the precipitation assay described above. In
these experiments, a constant amount of the
membrane fraction containing the receptors was
incubated with a constant amount of '25I-labeled
gp7O and increasing amounts of nonradioactive

gp7O. Because of the steady decrease in specific
radioactivity in successive experiments, there
was also a steady decrease in the radioactivity
recovered in the complex. However, as shown in
Fig. 6A, the amount of gp7O bound to the recep-
tor showed a hyperbolic increase in response to

TIME OF iNCUBATION MIN

FIG. 5. Time course and effect of temperature on

the velocity of binding of R-MuLVgp7O to the mem-
brane receptor. The standard assay mixture was in-
cubated for varying lengths oftime at 4,24, and 37°C,
and membrane-bound radioactivity was determined.
The input radioactivity was 42,000 cpm for the 37°C
experiment and 43,000 cpm each for the 4 and 24°C
experiments. The nonspecific background binding
subtracted from each point was 4,260 cpm at 37°C,
6,300 cpm at 24°C, and 6,700 cpm at 4°C.

TABLE 1. Requirement of Ca2 for the gp7O-receptor
complex formationa

Addition Concn (mM) I-labeled gp7%

CaCl2 5 100
None 24
EDTA 5 0
MgCl2 5 12

MgCl2 plus 5 92

MnCl2 1 60
ZnCl2 5 17
Co(OAc)2 5 26

a The assay was done as described in the text except
that 50 mM BES buffer, pH 6.5, containing 0.1 M
NaCl and 1 mg of bovine serum albumin per ml in the
presence of Dulbecco modified Eagle medium was
used, and it was supplemented with the components
listed.

b The binding obtained in the presence of 5 mM
CaCl2 was used as 100%. This value was similar to the
binding observed in the standard assay system.
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the increase in gp7O concentration in the reac-
A tion mixture. The association constant for the

gp7O-receptor complex was determined from the
6 above data by plotting the ratio of gp7O

bound/gp7O free versus (gp7O bound), according
*/ to Scatchard (26). The plot gave a single straight

C
/ line (Fig. 6B), indicating that no cooperative

a4 interactions were involved in the binding and
z / that there was only a single affinity class of
0o s ~~~~~~~~~~receptorspresent. The association constant (K.)

calculated from the slope of the Scatchard plot
ffi z was 3.5 x 108 M-1. This value is very similar to

2- that found for the binding of R-MuLV gp7O to
intact murine cells (K. Ganguly et al., unpub-
lished data). Further evidence that noncooper-
ative interactions are involved in the complex
formation was provided by the Hill coefficient

0 O Sc0 (1.06) determined from the slope of the plot (Fig.
CONCENTRATION OF gp 70 ng/assay 60) of log1o (BIBmax - B) versus logio[gp70],

where B is the amount of gp7O bound at a given
concentration of gp7O, and Bma,. is the maximum

B amount of gp7O bound at infinite concentration
0.3 oK=3.5 x 108M-1 | gP7O.Bmax is calculated from the intercept on

Ka=3.58 108W1the abscissa in Fig. 6B.
Reversibility of the receptor-gp70 com-

plex formation. To examine whether the com-
aS%* plex formation between the receptor and gp7O

n c 0.2 was reversible, a preformed complex containingo*,U \ * 176 [Lg of the receptor preparation and 2 x 106
cpm of 12II-labeled gp7O was suspended in the

XL \binding medium, as described above, with and
*l \without nonradioactive gp7O and was incubated

0.1 - either at 4 or 370C. Fractions were withdrawn at
various times and assayed for the amount of 125I-
labeled gp7O still remaining in the complex, as
described above. No significant dissociation was

A______________ \ observed at 40C; about 95% of "2I-labeled gp7O
0 5 10 still remained in the complex at the end of 180

gp 70 BOUND ng

C FIG. 6. Binding of '25I-labeledgp7O to the mem-
n -1 06 brane receptor as a function ofconcentration ofgp70.o The binding was measured by using the standard

assay system (220-ul volume) described in the text
with 35 pg of the membrane fraction and increasing

* amounts of R-MuLVgp7O composed of a mixture of
so =/ a constant amount of "MI-labeled gp70 (5.1 ng, 8200

mC cpmlng) and varying amounts of nonradioactiveE gp70. The specific radioactivity ofgp7O is calculated
o > for each concentration ofgp 70 used in the experiment.

(A) Plot ofgp70 bound as a function of the amount of
/ gp70 used per assay. (B) Scatchard plot of the data

in (A). Binding constant (Ka) calculated from the
slope was ?.5 x 108 MA', and the maximum binding
capacity (Bm..) determined from the intercept on the

_1.0 F abscissa was 13.5 ng ofgp70. (C) Hill plot ofthe same
data where B is the amount ofgp70 bound at a given
concentration of gp70, and B. is the maximum

1.0 1.5 possible binding at infinite concentration ofgp70 as
logo1 [gp701 ng/assay, determined from (B).
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min of incubation with and without added non-
radioactive gp7O. On the other hand, there was
a substantial dissociation of '25M-labeled gp7O at
37°C, with about 50% dissociation being ob-
served in 3 h in the absence of added nonradio-
active gp7O. When an excess of nonradioactive
gp7O was present during incubation, there was
nearly complete exchange of the labeled gp70 in
3 h. These results indicate that the complex
formation between gp7O and the cell membrane
receptor is reversible.

Specificity of the binding of gp7O to the
membrane receptor. The specificity of the
receptor binding was examined by measuring
the competition exerted by different viral pro-
teins in the binding of '251-labeled R-MuLV gp70.
In this experiment, the membrane fraction was
preincubated with the competing protein before
addition of the labeled R-MuLV gp7O (Table 2).
As expected, nonradioactive R-MuLV gp7O com-
pletely prevented the binding of 1251-labeled
gp7O. No competition was observed by high con-

centrations ofR-MuLV p30 or gp7O ofa distantly
related virus, SSV. The competition was further
examined by using lysates of different type C
viruses. The only competition obtained was with
ecotropic murine viruses, R-MuLV, Moloney-
MuLV, Gross-MuLV, and AKR. The xenotropic
murine virus BALB virus 2 showed no compe-
tition even at a considerably higher concentra-
tion. Feline leukemia virus, baboon endogenous
virus, and SSV were also without any detectable
effect on the binding of R-MuLV gp70 to the cell
membrane receptor. These data confirm the
specificity of the receptor for R-MuLV gp7O.
Effect of detergents and protein denatu-

rants on complex formation. Nonionic deter-
gents, Nonidet P-40 and Triton X-100 were in-
hibitory at 0.01% when added to the receptor
binding assay. Lithium diiodosalicylate was also
inhibitory at 0.05 M. So far we have not been
able to solubilize active receptor molecules from
the membrane preparations by treatment with
the above detergents. Difficulty in removing all
of the detergents from the solubilized fractions
might account for a part of this problem. In
addition, there is also a possibility that the pre-

cipitation assay that has been optimized for the
complex between membrane-bound receptors
and gp7O may not be suitable for complexes
between detergent-solubilized receptors and
gp7O. Recently, Moldow et al. (21) have reported
the solubilization of a putative receptor for avian
retroviruses by treatment of chicken embryo
fibroblasts with lithium diiodosalicylate. This
material interfered with the binding of intact
virus to plasma membrane preparations and
therefore was assumed to contain solubilized
receptors.

TABLE 2. Competitive inhibition of the binding of
"5I-labeled R-MuLVgp7O to the receptor by viral

proteinsa
Relative
binding of

Competing protein Amt used '251-labeledC(g) gp7O to re-
ceptor

None lOOb
Purified proteinsc
R-MuLV gp7O 0.6 0
R-MuLV p30 10 100
SSV gp7O 1.0 91

Solubilized viruses'
R-MuLV 0.5 69

2.0 27
Moloney-MuLV 0.5 53

2.0 18
AKR-MuLV 0.5 81

2.0 40
Gross-MuLV 1.0 83

2.0 47
Xenotropic-MuLV 10 107
(BALB virus 2)

FeLV 10 105
BaEV (M7) 10 99
SSV 10 100
a The assay was performed as follows. The mem-

brane fraction (25 [Lg) was preincubated at 24°C with
the purified protein or solubilized virus in a volume of
115 p1 of Dulbecco modified Eagle medium containing
50 mM BES buffer, pH 6.5, and 1 mg of bovine serum
albumin per ml. After 30 min, 110[l of '25I-labeled
gp7O of R-MuLV (153,000 cpm) was added, and incu-
bation was continued for an additional 60 min. The
radioactivity bound to the receptor was determined as
described in the text.

b 100 represents 45,300 cpm specifically bound to
the membrane in the absence of other proteins out of
153,000 cpm added. Background binding obtained in
the presence of 600 ng of unlabeled R-MuLV gp7O was
8,100 cpm and was subtracted from all experimental
values.

c gp7O of R-MuLV and SSV were purified using
procedure 1 described in the text. p30 was purified
according to the method of Strand and August (27).

'Virus suspensions (approximately 1 mg/ml) were
disrupted by manual homogenization in the presence
of 0.1 M lithium diiodosalicylate in 10mM Tris-hydro-
chloride, pH 7.5, containing 0.5 mM PMSF. The ho-
mogenate was left to stand at room temperature for
30 min and centrifuged at 35,000 rpm in a Spinco type
65 rotor. The supematant fraction was collected and
dialyzed against 10 mM sodium phosphate, pH 7.5,
and used in the competition assay. FeLV, Feline leu-
kemia virus; BaEV, baboon endogenous virus.

Protein-denaturing agents produce a signifi-
cant inhibition on the binding of gp7O to the
membrane receptor (Fig. 7). In this experiment,
the membrane preparations were preincubated
with varying concentrations of guanidine-hydro-
chloride or urea for 30 min before addition of
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labeled gp7O. Data in Fig. 7 show that a total
inhibition is obtained at 1 M guanidine-hydro-
chloride, whereas only a 50% inhibition is pro-

duced by 2.5 M urea. To understand the nature
of this inhibition, the following experiment was

done. The membrane preparation and the puri-
fied gp7O were separately treated at room tem-
perature for 30 min with 1.5M guanidine-hydro-
chloride. The guanidine-hydrochloride was sub-
sequently removed by dialysis against phos-
phate-buffered saline. The receptor activity of
the treated membrane fraction was determined
by using untreated "2I-labeled gp7O. Likewise,
treated gp7O was used in a binding experiment
with untreated membranes. No decrease in bind-
ing was observed in either experiment compared
to a control in which neither gp7O nor the mem-
branes was treated with guanidine-hydrochlo-
ride. These results indicated that the protein-
denaturing agents do not in short-term incuba-
tions cause irreversible changes in the mem-
branes and gp7O that affect their interaction but
have a direct dissociating effect on the binding
phenomenon when present in the reaction mix-
ture.

Effects of proteases, glycosidases, and li-
pases on receptor activity. To determine the
chemical environment of the receptor site, the
membrane fractions isolated from murine cells
were treated with various proteases, glycosi-
dases, and lipases, and the receptor activity re-

maining in the fractions determined. We used
the 10,000-x-g pellet fraction, which had a sub-
stantial proportion of the receptor activity of the
cell, as the source for the receptor in these
experiments because of the convenience in sep-
arating the membranes from the incubation mix-
ture containing the degradative enzymes by low-
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FIG. 7. Effect of urea and guanidine-hydrochlo-
ride on the membrane receptor activity. Urea orguan-
idine-hydrochloride was added to the standard assay
mixtures at the indicated final concentrations, and
the bound radioactivity was measured under stan-

dard assay conditions.

TABLE 3. Effect ofproteases, glycosidases,
neuraminidase, and lipases on the gp70 receptor

activity of cell membrane fractions

Enzyne' Receptor actiVityb
Enzyme" (%~~~of control)

Trypsin .................... 46
Papain .................... 71
a-Chymotrypsin.................. 0
Glycosidasesc ... ............... 102
Neuraminidase (10 U/ml) .............. 91
Neuraminidase (20 U/ml) .............. 86
Phospholipase A .................. 100
Phospholipase C .................. 0

a All enzymes were used at 20 pg/ml unless other-
wise stated.
'A suspension of the 10,000-x-g pellet from the

cytoplasmic fraction of KA31 cells (176 pg of protein)
in 100 pl of 10 mM Tris-hydrochloride, pH 7.5, was
incubated at room temperature with the indicated
enzymes in a total volume of 0.5 ml. All enzymes were
used at a concentration of 20,ug/ml except neuramin-
idase, which was used as indicated. In addition, the
following components were included in the incubation
mixtures: 1 mM CaCl2 for the trypsin reaction, 2 mM
cysteine for the papain reaction, and 5 mM CaCl2 for
the neuraminidase reaction. After 30 min, the mixture
was centrifuged and the pellet washed three times
with 10mM Tris-hydrochloride, pH 7.5, containing 0.1
mM PMSF, 10% glycerol, and 1 mM EDTA. The
washed pellet was suspended in 100 pl of the binding
medium and 20-pl portions were assayed for the gp7O
binding as described in the text. A sample treated
identically, but in the absence of the enzymes, was
used as control, and the binding observed with this
sample was taken as 100%.
'The mixture of glycosidases contained a-galacto-

sidase, ,B-galactosidase, a-glucosidase, a-L-fucosidase,
and N-acetyl-f-glucosauniidase, each at 20 pg/ml.

speed centrifugations. After a 30-min incubation
at room temperature, the mixture was centri-
fuged at 10,000 x g. The pellet was washed
repeatedly and resuspended in the binding me-
dium (described above), and portions were re-
moved to assay for the receptor activity.
Table 3 shows the effects of various enzymes

on the receptor activity of the membranes.
Among the proteases tested, trypsin and papain
were only partially effective (at 20 ug/ml) in
destroying the receptor activity. The receptors,
however, were very sensitive to treatment with
a-chymotrypsin. The concentration dependence
of this effect of chymotrypsin is described in Fig.
8B. Less than 3 pig of the protease was able to
produce a 50% drop in the receptor activity
under the preincubation conditions. Preincuba-
tions with neuraminidase or a mixture of glycos-
idases (a-galactosidase, fl-galactosidase, a-glu-
cosidase, a-fucosidase, and N-acetyl-f-glucosa-
minidase) were without any effect on the recep-
tor activity of the membranes. The conclusions
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FIG. 8. Effect ofpreincubation with chymotrypsin or phospholipase C on the gp 70 receptor activity of the
membranes. In this experiment, the 10,000- x -gpellet fraction was used as a source ofmembrane receptor. (A)
Membrane fraction containing 200 ug ofprotein was incubated with indicated amounts ofphospholipase C
for 30 min at 24°C in 0.5 ml of 10 mM Tris-hydrochloride, pH 7.5. The membranes were pelleted by
centrifugation at 10,000 x g, washed thrice with 10 mM Tris-hydrochloride, pH 7.5, and resuspended in 150
yd of the binding medium (see legend to Fig. 3). The receptor activity in 25 lI of the resuspended membrane
was determined under the standard assay conditions. (B) Treatment with a-chymotrypsin. Details of the
experiment were as in (A) except that the wash buffer was supplemented with 0.1 mMPMSF to inactivate the
protease. The washed pellet was resuspended in 100 IlI of the binding medium, and 20-pl samples were used
to determine residual receptor activity.

regarding the carbohydrate involvement at the
receptor site could be limited because we may
not have used glycosidases with the proper spec-
ificity for the sugar residues and glycosidic link-
ages involved. Observations regarding the sen-
sitivity of the receptors to lipases seem interest-
ing. Whereas phospholipase A showed no effect,
the receptor activity was extremely sensitive to
treatment with phospholipase C. A total loss of
activity is noticed with 20 ,ug of this enzyme per
ml. Figure 8A represents the results of an exper-
iment in which the membrane fractions were
preincubated with increasing concentrations of
phospholipase C. Throughout the range of con-
centrations tested only inhibition was observed,
and there was no activation similar to the effect
of this enzyme on the gonadotropin receptors on
ovarian membranes (12). The results, shown in
Table 3 and Fig. 8, indicate that an intact lipid
protein structure on the plasma membrane is
essential for the receptor activity.

DISCUSSION
Most of the known enveloped animal viruses

have specific receptors on cells that are suscep-
tible to infection by these viruses. These viruses
adsorb to the cells through specific interactions
between an anchor molecule on the virus enve-
lope and the receptor molecule on the cell sur-
face. Subsequent to this initial step, several ad-
ditional events probably precede the penetration
and uncoating of the infecting virus particle.
Very little is known about the retrovirus-host
cell membrane interactions. The only clear evi-
dence available has been that the envelope gly-

coprotein of the virus is the anchor molecule
that interacts with the cell surface and that this
glycoprotein possesses the necessary specificity
that determines the host range of a particular
virus. This conclusion was drawn from observa-
tions, mainly in avian and feline virus systems,
regarding the host range differences between
different subgroups of particular viruses. The
approaches that have been used in the past
included measurement of interference in infec-
tions with different subgroup viruses and study
of the host range of pseudotype viruses.
Recently, the interaction between a murine

leukemia virus and mouse cells was analyzed by
using isolated viral envelope glycoprotein and
intact cells. These studies also confirmed earlier
indications of specific interactions between sus-
ceptible cells and the viral envelope glycoprotein
component. The aim of the present study has
been to characterize this virus-host interaction
and to elucidate the nature of the cell surface
receptor, using R-MuLV gp7O and a transformed
murine cell line (KA31). These receptors seem
to be confined to the external surface of the cell
because they are accessible to digestion by phos-
pholipase C (K. Ganguly, V. S. Kalyanaraman,
R. C. Gabo, and M. G. Sarngadharan, manu-
script in preparation). Therefore, we used mem-
brane preparations to study the receptor-gp 70
interaction.
Complex formation between these membrane

fractions and purified gp7O has been demon-
strated by gel filtration through Sepharose-CL
6B (Fig. 2). For a convenient and speedy assay
of the receptor-gp7O complex formation, we de-
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veloped a system similar to the one used for the
binding of insulin to its receptor (4). This system
has the additional potential usefulness of meas-
uring binding of gp7O to solubilized receptor
molecules. The complex formation has been
shown to require Ca2+ or Mn2" and is inhibited
by chelators. These are similar to the general
properties oflectin-carbohydrate interactions (1,
15). The receptor-gp70 interaction followed typ-
ical kinetic properties such as (i) dependence on
pH of the reaction medium, (ii) increased com-
plex yield with increase in membrane concentra-
tion (Fig. 4) or gp7O concentration (Fig. 6), and
(iii) increased reaction rate with increasing tem-
perature (Fig. 5). The complex between the re-
ceptor and gp7O was reversible as evidenced by
a time-dependent release of "2I-labeled gp7O
from preformed complexes and by the exchang-
ability of the labeled gp7O in the complex with
unlabeled gp7O.

Detailed analysis of the complex formation
revealed not only that the gp7O binding was a
saturable process but that only one class of
receptors could be detected, having a K. of 3.5
x 10 M` (Fig. 6B). This association constant is
similar to the one determined for the binding of
gp7O to intact cells (K. Ganguly, unpublished
results). This implies that receptors functioning
in isolated membranes are the same as those
that are present on intact cell surfaces and that
no new class of receptors is being exposed upon
breaking the cell. Our results are inconsistent
with the speculation that the cell uses two types
of receptors, one on the outside for the adsorp-
tion and penetration of the virus and another
inside the cell membrane for the assembly and
release of the virus (32). If indeed there are two
sets of receptors, one on the inside and the other
on the outside of the plasma membrane, we do
not see any qualitative difference between the
two. We propose that there is only a redistribu-
tion of these sites during productive infection.
That a new set of sites are introduced in the
plasma membrane seems unlikely. Further, our
binding data give a Hill coefficient of 1 (Fig. 60),
indicating that there is no cooperative interac-
tions involved in the receptor-gp7O complex for-
mation.
The KA31 membrane receptors appeared to

be specific to murine viral gp7O. For instance,
the receptor did not bind the major viral struc-
tural protein, p30, nor did this protein affect the
binding of gp7O by the receptor. Similarly, gp7O
of a distantly related type C virus, SSV, did not
compete with R-MuLV gp7O for the receptor
sites. Among the viruses examined, ecotropic
murine viruses showed competition in the recep-
tor-R-MuLV-gp7O complex formation. The xen-
otropic murine virus, BALB virus 2 and type C

viruses of other species (feline leukemia virus,
baboon endogenous virus, and SSV) had no in-
fluence on complex formation (Table 2). These
results are similar to the observations made in
avian (9, 29, 30) and feline (25) viral systems,
where viruses belonging to different envelope
subgroups did not cause interferences with each
other in cellular infection studies because viruses
belonging to different envelope subgroups could
not bind to the same cellular receptors.
The most useful aspect of the results reported

here may be the preliminary determination of
the chemical environment of the gp7O receptor.
The receptor was fairly rapidly inactivated by
the proteolytic enzyme chymotrypsin and some-
what less efficiently by trypsin, indicating that
at least a part of the receptor is a protein. The
binding was also reversibly inhibited by the pro-
tein-denaturing agents urea and guanidine-hy-
drochloride. The receptor was not sensitive to
treatment of the membranes with either neura-
minidase or a mixture ofglycosidases. Therefore,
if sugar residues are involved in the receptor
activity, they are not accessible to these enzyme
actions. It is possible also that a specific carbo-
hydrate structure not affected by the enzymes
we used could be involved in the complex for-
mation. Enzymatic hydrolysis of sugar residues
often proceeds in a sequential manner, and a key
glycosidic linkage left unhydrolyzed near a ter-
minal region could protect the rest of the se-
quences (16). The receptor activity of the mem-
brane preparation was very sensitive to phos-
pholipase C. This effect is similar to the action
of phospholipase C on immunoglobulin E recep-
tors of rat mast cells (2). The effect of gp7O
receptors may be indirect. Phospholipase C
might affect the structural integrity of the mem-
brane, which indirectly affects the orientation of
the receptor. For instance, phospholipase C ac-
tivates the insulin receptor, probably by expos-
ing the receptor, which now becomes susceptible
to proteolytic digestion. Irrespective of the
mechanism involved, phospholipase C is known
to influence the activity of receptors for several
hormones and regulator molecules (see reference
12). Our tentative conclusion is that the gp7O
receptor consists of a lipid-protein structure. An
alternative explanation might be that the treat-
ment of the membranes with phospholipase C
and chymotrypsin releases the receptor in a
soluble form which would be removed during
the washing of the treated membranes. This is
less likely especially if the receptor has any
protein character. The reasons why nonionic
detergents are inhibitory to the complex forma-
tion between gp7O and the receptor are probably
the adverse effects of the detergents on the
structural integrity of the lipid-protein complex.
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Although receptors have been identified on
the cell surface for several enveloped viruses, no
normal physiological function has been attrib-
uted to them. Nonetheless, it will be of interest
to further characterize them and study their
function in the attaching and uncoating of retro-
viruses.
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