JOURNAL OF VIROLOGY, May 1999, p. 3835-3842
0022-538X/99/$04.00+0

Vol. 73, No. 5

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Identification of a Cell Surface Protein from Crandell Feline
Kidney Cells That Specifically Binds Aleutian
Mink Disease Parvovirus

JAMES M. FOX* ano MARSHALL E. BLOOM

Laboratory of Persistent Viral Diseases, Rocky Mountain Laboratories, National Institute of Allergy and
Infectious Diseases, National Institutes of Health, Hamilton, Montana 59840

Received 25 August 1998/Accepted 19 January 1999

Aleutian mink disease parvovirus (ADV) is the etiological agent of Aleutian disease of mink. The acute
disease caused by ADV consists of permissive infection of alveolar type II cells that results in interstitial
pneumonitis. The permissive infection is experimentally modeled in vitro by infecting Crandell feline kidney
(CrFK) cells with a tissue culture-adapted isolate of ADV, ADV-G. ADV-G VP2 empty virions expressed in a
recombinant baculovirus system were analyzed for the ability to bind to the surface of CrFK cells. Radiolabeled
VP2 virions bound CrFK cells specifically, while they did not bind either Mus dunni or Spodoptera frugiperda
cells, cells which are resistant to ADV infection. The binding to CrFK cells was competitively inhibited by VP2
virions but not by virions of cowpea chlorotic mottle virus (CCMYV), another unenveloped virus similar in size
to ADV. Furthermore, preincubation of CrFK cells with the VP2 virions blocked infection by ADV-G. The VP2
virions were used in a virus overlay protein binding assay to identify a single protein of approximately 67 kDa,
named ABP (for ADV binding protein), that demonstrates specific binding of VP2 virions. Exogenously added
VP2 virions were able to competitively inhibit the binding of labeled VP2 virions to ABP, while CCMYV virions
had no effect. Polyclonal antibodies raised against ABP reacted with ABP on the outer surface of CrFK cells
and blocked infection of CrFK cells by ADV-G. In addition, VP2 virion attachment to CrFK cells was blocked
when the VP2 virions were preincubated with partially purified ABP. Taken together, these results indicate that

ABP is a cellular receptor for ADV.

Aleutian mink disease parvovirus (ADV) causes both chronic
and acute disease in mink. The chronic disease, termed Aleu-
tian disease, is associated with a persistent infection of adult
mink and is characterized by viral persistence, hypergamma-
globulinemia, plasmacytosis, increased CD8* lymphocytes,
and immune complex disorder (reviewed in reference 12).
Macrophages have been identified as sites of restricted virus
replication, and infection of these cells is thought to lead to the
immune disturbance (3, 36, 37). ADV gains entry into macro-
phages by Fc-mediated uptake of antibody-virus complexes, a
process called antibody-dependent enhancement of infection
(22, 28, 31).

The acute disease, which occurs in newborn mink, is a ful-
minant, fatal interstitial pneumonitis. A permissive ADV in-
fection occurs in alveolar type II cells, which leads to disturbances
in surfactant secretion within the lung (12). The mechanism by
which ADYV attaches to and gains entry into these cells is not
understood. Unlike macrophages, type II cells are not phago-
cytic and do not bear Fc receptors. The permissive infection is
mimicked by infecting Crandell feline kidney (CrFK) cells with
a tissue culture isolate of ADV named ADV-G (9, 13, 41). It
is believed that ADV entry into both type II cells and CrFK
cells is receptor mediated. ADV is capable of infecting many
different mustelid hosts, including mink, ferrets, weasels, fish-
ers, marten, skunks, otters, raccoons, and foxes (5, 24, 27). The
broad host range exhibited by ADV suggests that it may utilize
a cellular receptor that is widely distributed among the differ-
ent mustelids.

The initial event in a virus infection is the attachment of
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viruses to the surface of the cell. Virus attachment is usually
dependent on a specific virus receptor on the cell surface, and
the presence of the receptor can be a major factor in deter-
mining viral tissue tropism and host range. A large variety of
molecules have been identified as virus receptors. Virus recep-
tors range from ubiquitous cell surface moieties, such as car-
bohydrates, to cell-specific membrane proteins with various
functions (8, 20, 38, 47). Attachment to the surface of cells by
some viruses requires only the presence of specific carbohy-
drates, as in the case of adeno-associated virus (44). Other
viruses, such as echoviruses, utilize specific glycoproteins as
receptors, where both the protein and carbohydrate moiety are
necessary for receptor function (32). In addition, some viruses
(e.g., dengue virus) utilize receptors consisting only of protein
without a carbohydrate moiety (42). Regardless of which mol-
ecule or combination of molecules is utilized as the virus re-
ceptor, the net effect is the same: virus entry into the cell to
establish infection. Characterization of virus receptors can pro-
vide insight into the basis of virus host range and disease
pathogenesis. In addition, defining the specific chemical inter-
actions that occur between a virus and its receptor may enable
the design of chemical therapies that can perturb this interac-
tion and prevent virus infection.

ADV, as well as many of the parvoviruses, exhibits many
advantages for examining virus-receptor interactions. The par-
voviruses are small, unenveloped viruses with single-stranded,
negative-sense DNA genomes of about 5,000 nucleotides (10).
The T=1 ADV virion is comprised of two virion structural
proteins designated VP1 and VP2 (2). ADV virions are ex-
tremely stable and are virtually impossible to dissociate in vitro
without using reagents that unfold or hydrolyze the individual
proteins. Capsid proteins from several parvoviruses, including
ADV, have been shown to self-assemble into empty capsids
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when expressed in insect cells by using recombinant baculovi-
ruses (16, 17, 26, 43, 49). The ADV VP2 empty virion (bacu-
lovirus-expressed) structure has recently been solved to 22-A
resolution, and studies to solve the structure at a higher reso-
lution are under way (33). The baculovirus-expressed VP2
virions provide an efficient, relatively easy system to purify
large quantities of virions for use in structural and receptor
studies.

The cellular receptor has been characterized for 2 of the 31
described eukaryotic parvoviruses. The human parvovirus B19
uses the erythrocyte P antigen, a glycosophingolipid, as its
cellular receptor (15). The parvovirus adeno-associated virus
type 2 was recently reported to employ membrane-associated
heparan sulfate proteoglycans as cellular receptors (44). A
requirement for sialic acid has been demonstrated for hemag-
glutination by canine parvovirus (CPV) and feline panleuko-
penia virus and for infection by minute virus of mice (6, 7, 18,
25, 35, 46). However, their specific cellular receptors have not
been identified.

Because ADV permissively infects alveolar type II cells as
well as CrFK cells, it is possible that these cells have similar
receptors for ADV. The low number of alveolar type II cells in
the lung combined with the lack of an efficient method for
isolating these cells technically hinders the ability to identify
the ADV cellular receptor in type II cells. However, the ad-
vantages of working with the CrFK-ADV system permitted us
to initiate experiments to isolate the CrFK cell receptor. In this
study we have identified a single protein, denoted ADV bind-
ing protein (ABP), with a molecular mass of 67 kDa that
specifically binds ADV-G VP2 virions.

MATERIALS AND METHODS

Viruses, cells, and plasmids. The ADV-G strain used in this study was derived
from a molecularly cloned virus stock (XXI-Q-3-15) (11). ADV-G was propa-
gated in CrFK cells. CrFK and Mus dunni cells were cultured at 37°C in Dul-
becco’s modified Eagle medium (DMEM) supplemented with 10% fetal calf
serum (Gibco-BRL, Gaithersburg, Md.). Spodoptera frugiperda (SF9) cells, used
for baculovirus expression, were cultured in Grace’s insect medium (Gibco-BRL)
supplemented with 10% fetal calf serum (Gibco-BRL).

Baculovirus expression of VP2 empty virions and iodination. The VP2 virions
were expressed, as previously described, in a recombinant baculovirus, Autogra-
pha californica nuclear polyhedrosis virus, encoding the ADV VP2 protein (17).
One modification to the previous protocol included maintaining the SF9 cells as
suspension cultures by using spinner flasks. The Grace’s insect medium was
supplemented with 0.05% Pluronic Polyol F-68 (Gibco-BRL). The SF9 cells were
infected at a multiplicity of infection (MOI) of 1 and cultured for 5 days postin-
fection. VP2 virions were purified by collecting the infected SF9 cells, resuspend-
ing them in lysis buffer (0.05 M Tris-HCI [pH 8.0], 0.15 M NaCl, 0.2% Triton
X-100, protease inhibitor cocktail [Pefabloc, 1 wg/ml; pepstatin, 1 pg/ml; apro-
tinin, 1 wg/ml; leupeptin, 5 pg/ml]), and freeze-thawing four times. The suspen-
sion was sonicated on ice for three cycles of 15 s each, chloroform extracted,
sonicated for two cycles of 15 s each, and centrifuged for 30 min at 10,000 rpm
in a JA-14 rotor (Beckman, Piscataway, N.J.). The aqueous phase was subjected
to a second chloroform extraction. The VP2 virions were further purified by
making the suspension 10% with polyethylene glycol 8000, stirring overnight at
4°C, and collecting the precipitated virions by centrifugation at 10,000 rpm for 15
min in a JA-14 rotor. The virion pellet was resuspended in 1/10 volume (of that
of original lysis buffer suspension) of storage buffer (0.05 M Tris-HCI [pH 8.0],
0.05 M NaCl) with protease inhibitor cocktail, dialyzed against storage buffer,
and stored at 4°C.

VP2 virions were labeled with '2°T by incubating 100 pg of VP2 virions with 1
mCi of Na'>I (Amersham, Arlington Heights, Ill.) in the presence of IODO-
BEADS (Pierce, Rockford, Ill.) as specified by the manufacturer. The labeled
virions were purified from free Na'?*I by using D-Salt desalting columns (Pierce)
and stored in Tris-EDTA buffer containing 50 mM NaCl. The specific activity of
the labeled virions was determined by protein quantitation and radioactivity
quantitation with a gamma counter.

Virion-cell binding assay. CrFK cells were plated (5 X 10° cells/well) in a
12-well tissue culture plate and incubated overnight at 37°C. The plate was
incubated for 2 h at 4°C to chill the cells. The cells were incubated at 4°C for 1 h
with 100,000 cpm of radiolabeled ADV VP2 virions (50 ng) in DMEM, washed
four times with 0.5 ml of ice-cold DMEM, and then lysed with a buffer containing
0.01 M phosphate-buffered saline (PBS) (pH 7.2), 0.15 M CaCl,, 1% Triton
X-100, and 0.1% sodium dodecyl sulfate (SDS). The radioactivity was quanti-
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tated with a gamma counter. Competition assays were performed by preincubat-
ing the cells with 900 pg of unlabeled virions for 15 min at 4°C in DMEM,
followed by addition of 100,000 cpm of radiolabeled ADV VP2 virions (as
described above). In blocking experiments, >>I-ADV VP2 empty virions
(100,000 cpm) were preincubated for 15 min with either 500 ug of total CrFK cell
membrane proteins, 200 pg of partially purified ABP (approximately 70% pure
as estimated by Coomassie blue staining of an SDS-polyacrylamide gel), or 500
g of SF9 cell membrane proteins and then added to the cells and processed as
described above. In each experiment the assays were performed in triplicate, and
the average values from the three assays along with the standard errors are
reported.

Virus overlay protein binding assay (VOPBA). CrFK membrane proteins were
purified from confluent cultures in T-150 tissue culture flasks by washing three
times with buffer A (0.02 M sodium phosphate [pH 8.0], 0.005 M EDTA, 0.002
M N-ethylmaleimide, protease inhibitor cocktail) at room temperature and
scraping the cells into 5 ml of buffer A. The suspended cells were collected by
centrifugation at 1,500 rpm for 5 min in a Beckman J-6 swinging-bucket centri-
fuge. Pellets were resuspended in 2.5 ml of buffer A containing 0.5% deoxy-
cholate and 1% Triton X-100, incubated on ice for 10 min, and centrifuged at
3,000 rpm for 15 min in a Beckman J-6 swinging-bucket centrifuge. The super-
natant, containing the membrane proteins, was collected, supplemented with
protease inhibitor cocktail, and stored at —20°C.

For further analysis, the membrane proteins (50 to 100 pg) were separated in
a nonreducing SDS-8% polyacrylamide gel, transferred to a polyvinylidene di-
fluoride membrane (Sigma, St. Louis, Mo.), and refolded by incubating the blot
in refolding buffer (0.01 M HEPES [pH 7.4], 0.01 M MgCl,, 0.05 M NaCl, 0.001
M dithiothreitol, 10% glycerol, protease inhibitor cocktail) for 12 h at 4°C. The
blot was blocked in PBS containing 5% nonfat dry milk for 5 h at 4°C and then
reacted with 100,000 cpm of '*I-ADV VP2 empty virions (50 pg) in hybridiza-
tion buffer (DMEM containing 10% fetal calf serum and 0.25 M NaCl) for 5 h
at room temperature. Finally, the blots were washed four times with hybridiza-
tion buffer and exposed to film. Competition experiments were performed by
adding unlabeled virions (amounts are indicated in the figure legends) to the
hybridization buffer just prior to addition of the iodinated ADV VP2 virions.

Production of polyclonal antibody to ABP. Comparison of VOPBA blots with
a parallel Coomassie blue-stained gel identified a single protein band with an
approximate molecular mass of 67 kDa as the ABP, which was excised from the
gel. The protein was electroeluted by using a protein elution apparatus from
Bio-Rad (Hercules Calif.) and quantified by rerunning on an SDS-polyacryl-
amide gel, staining, and comparing the band intensity with those of known
standards. To confirm that the eluted protein was a single protein rather than
multiple proteins with similar electrophoretic mobilities, a two-dimensional gel
was run. The first dimension was near-equilibrium pH gel electrophoresis with
ampholines with a pH range of 3.5 to 9.5, and the second dimension was
SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Silver staining of the gel
revealed a single protein. Rabbits were injected subcutaneously with approxi-
mately 100 pg of purified ABP emulsified in Freund complete adjuvant. At 3, 6,
and 9 weeks postinoculation, the rabbits were boosted with 100 pg of purified
ABP emulsified in Freund incomplete adjuvant. At 12 weeks postinoculation, the
rabbits were exsanguinated under anesthesia and sera were collected.

Western blotting. Purified CrFK membrane proteins (500 ng) were separated
in a nonreducing SDS-10% polyacrylamide gel, transferred to a Hybond-C
extra-nitrocellulose membrane (Amersham), and blocked for 2 h in PBS con-
taining 15% nonfat dry milk. The blots were probed with anti-ABP serum diluted
in PBS-0.05% Tween 20 (PBST) containing 15% nonfat dry milk at room
temperature for 1 h, washed three times with PBST, and probed with horseradish
peroxidase-conjugated goat anti-rabbit antibody (ICN, Aurora Ohio) diluted
1:3,000 in PBST containing 15% nonfat dry milk for 30 min at room temperature.
The blots were washed four times in PBST with a final wash in PBS, developed
by using the ECL Western blotting system (Amersham) according to the man-
ufacturer’s specifications, and exposed to film.

Blocking of ADV infection with ABP polyclonal antibody. CrFK cells (10°
cells/well) were seeded in four-well Chamber-Slides (Nunc Inc., Naperville, Tl1.)
and incubated overnight at 37°C. The slides were incubated at 4°C for 2 h, at
which time the medium was removed and the cells were flooded with 0.25 ml of
ice-cold DMEM containing various dilutions of anti-ABP polyclonal serum or
normal rabbit serum (collected as prebleeds from rabbits used to raise anti-ABP
antibodies). The cell-antibody suspension was incubated for 30 min at 4°C, after
which ADV-G was added at an MOI of 1 focus-forming unit/cell. Incubation was
continued at 4°C for 30 min, and the cultures were then washed four times with
1.0 ml of ice-cold DMEM. The cells were flooded with 1.0 ml of DMEM and
incubated at 32°C for 3 days. Infectivity was analyzed by immunofluorescence
microscopy as described below.

Immunofluorescence microscopy. In experiments examining ADV-G infectiv-
ity, a polyclonal antibody to the ADV nonstructural 1 protein (NS1) diluted 1:20
in PBST was utilized to stain infected cultures of CrFK cells (39). The primary
NS1 antibody was incubated with the cells for 30 min at room temperature,
followed by washing. A secondary fluorescein isothiocyanate (FITC)-conjugated
goat antirabbit antibody, diluted 1:1,000 in PBST, was incubated with the cells for
30 min, followed by several washes and viewing with a Nikon Microphot-SA
microscope. The number of infected cells was determined by averaging the
counts from 20 fields of view in areas of equal cell density.
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FIG. 1. Binding of baculovirus-expressed VP2 virions to CrFK cells. '*I-VP2 virions were incubated with CrFK cells and washed, and cell associated radioactivity
was quantitated. VP2 virion binding to the indicated cells was determined. Competition experiments examining the ability of iodinated VP2 virions to bind CrFK cells
in the presence of an 18-fold excess of unlabeled VP2 virions or unlabeled CCMYV virions demonstrated that only the VP2 virions could inhibit the cell binding of
radiolabeled VP2 virions. All values are represented as a percentage of the CrFK-VP2 virion binding. Each experiment was performed in triplicate, and standard errors

are shown.

In examining ABP reactivity with CrFK cells, cells (10°/well) were seeded in
four-well Chamber-Slides and incubated overnight at 37°C. The medium was
removed from the cells, the slides were briefly washed in PBS, and the cells were
fixed by incubation in 3.7% formaldehyde diluted in PBS for 1 h at room
temperature. Blocking was accomplished by addition of PBS containing 5%
nonfat dry milk, 4% bovine serum albumin fraction V, and 5% bovine fetal calf
serum and incubation for 1 h at room temperature. The blocking buffer was
removed by aspiration, and PBS-diluted polyclonal ABP antisera were added and
left for 30 min at room temperature. The slides were washed three times with
PBS, and then FITC-conjugated goat antirabbit antibody (diluted 1/200) was
added and left for 30 min at room temperature, followed by additional washing
in PBS. A final rinse in 95% ethanol for 5 min was performed before mounting.
The slides were dried and viewed with a Nikon Microphot-SA microscope.
Photographs were taken with a Nikon 35DX camera.

RESULTS

Specific attachment of baculovirus-expressed VP2 virions to
CrFK cells. In order to identify the cellular receptor from
CrFK cells, it was necessary to obtain large quantities of virions
to conduct the experiments described below. Due to the diffi-
culty in obtaining the large quantities of purified native ADV
virions needed, we used ADV VP2 empty virions (hereafter
referred to as VP2 virions) expressed in a recombinant bacu-
lovirus system to experimentally identify the ADV cellular
receptor. Initially we sought to determine if the VP2 virions
attached to cells in a similar fashion as native ADV-G virions.
To address this question, the VP2 virions were radioactively
labeled with "2 and assayed for the ability to bind CrFK cells.
The iodinated VP2 virions bound to CrFK cells but did not
bind to M dunni (mouse) cells or SF9 (insect) cells, cell lines
that are not permissive for ADV replication (Fig. 1). Addition-
ally, the VP2 virion binding to the CrFK cell surface could be
blocked by adding exogenous unlabeled VP2 virions (96%
reduction) but not by adding virions of cowpea chlorotic mottle
virus (CCMV), an unenveloped plant virus similar in size to
ADV (Fig. 1). This indicated that the VP2 virions specifically
bound to the surface of CrFK cells.

The demonstration that the VP2 virions bound to the CrFK
cell surface in a specific manner suggested that they behaved
like native ADV virions but did not prove that the two types of
virions bound to CrFK cells by using the same receptor. Com-
petitive binding experiments examining the ability of ADV-G
virions and VP2 virions to bind CrFK cells were conducted to
address this concern. CrFK cells were incubated with VP2
virions at low temperature, a condition that allows attachment
but not entry of virions into the cell. Following preincubation
with VP2 virions, native ADV-G virions were added and incu-
bated for 1 h. The unbound virus was washed away, and the
cells were incubated for 3 days at an optimal temperature for
ADYV replication. The number of infected cells was determined
by immunofluorescence microscopy with an antibody to NS1, a
nonstructural protein that is produced only during active ADV
replication. VP2 virions inhibited CrFK infection by ADV-G
by nearly 95%, indicating that prior binding of VP2 virions to
the CrFK cell surface prevented ADV-G binding and entry
(Fig. 2). In contrast, CCMYV virions did not inhibit ADV-G
infection. Similar results were obtained with several prepara-
tions of labeled VP2 virions. Taken together, these results
indicate that VP2 virions bind CrFK cells in a functional man-
ner similar to native ADV-G virions.

Identification of an ABP by VOPBA analysis. In order to
identify membrane proteins from CrFK cells that could bind
VP2 virions, we chose to use VOPBA, a biochemical approach
proven to be useful in the identification of several virus recep-
tors (14, 19, 30, 34, 42). The CrFK cell membrane proteins
were isolated and used in the VOPBA to identify proteins that
specifically bound radiolabeled VP2 virions. VP2 virions spe-
cifically bound a CrFK membrane protein (with an approxi-
mate molecular mass of 67 kDa) that we named ABP (Fig.
3A). No binding of VP2 virions was observed with membrane
proteins from M. dunni cells, indicating that the binding was
cell specific. In addition, labeled CCMYV virions did not bind
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FIG. 2. Blocking of ADV-G infection of CrFK cells with VP2 virions. VP2 or CCMV virions were preincubated with chilled CrFK cells, after which ADV-G was
added. The cells were then washed and incubated for 3 days. Infectivity was measured by immunofluorescence microscopy with ADV NS1 antibody. Each value is
represented as a percentage of that for ADV-G infection of CrFK cells alone, and the standard error is shown.

ABP but interacted nonspecifically with several other proteins
from both CrFK and M. dunni cells. This indicated that VP2
virion binding by ABP was both cell and virus specific.

The specificity of the ABP-VP2 virion binding was further
analyzed in competitive binding experiments. Radiolabeled
virions were analyzed for the ability to bind ABP in the
VOPBA when other unlabeled virions were present (Fig. 3B).
The radiolabeled VP2 virion binding to ABP was inhibited in
a dose-dependent manner by addition of unlabeled VP2 viri-
ons (Fig. 3B). Addition of 18-fold more unlabeled VP2 virions
(900 pg) than radiolabeled VP2 virions resulted in complete
inhibition of radiolabeled VP2 virion binding (100% competi-
tion). Addition of an 18-fold excess of unlabeled CCMYV virions
was unable to competitively inhibit radiolabeled VP2 virion
binding, providing additional evidence that the ABP-VP2
virion binding was a specific interaction.

A final experiment was conducted to confirm the specificity
of the ABP-VP2 virion interaction. A virion-cell binding assay
was employed to determine if preincubation of ABP with VP2
virions could inhibit VP2 virion binding to CrFK cells. Partially
purified ABP was mixed with radiolabeled VP2 virions for 15
min and tested for the ability to bind to CrFK cells. The
binding of VP2-ABP to CrFK cells was reduced by 75% com-
pared to that of unbound VP2 virions (Fig. 4). This was in
comparison to a relative 27% reduction in CrFK binding ob-
served when VP2 virions were preincubated with total CrFK
membrane proteins. Incubation of SF9 cell membrane proteins
with the VP2 virions had no effect on VP2 virion binding to
CrFK cells. Thus, the binding of ABP to the surface of VP2
virions prevented the virions from attaching to the CrFK cells,
presumably by competition for receptor binding sites on the
virion surface.

Production and characterization of anti-ABP antibodies.
The previous experiments demonstrated that VP2 virions spe-
cifically bound ABP but did not address the relevance of the
binding in the biology of virus infection. To determine if the
interaction between ABP and ADYV is important in virus bind-

ing and subsequent entry into the cell, we raised antibodies
against ABP and tested their ability to block ADV infection of
CrFK cells. If native ADV-G attached to CrFK cells through
interactions with ABP, antibody against ABP could potentially
interfere with binding of ADV-G to ABP on the cell surface.

Two polyclonal anti-ABP rabbit antisera specifically reacted
with ABP in a Western blot of CrFK membrane proteins (Fig.
5A). The antisera reacted with a single protein migrating at the
ABP molecular mass of 67 kDa. The prebleed serum control
did not show any such specific reactivity. To ensure that the
antibodies raised against ABP were specific for only the ABP
protein, 100 pg of total CrFK membrane proteins was sepa-
rated by two-dimensional gel electrophoresis, Western blotted,
and probed with the ABP antisera. The results of such analysis
are shown for the R2 anti-ABP serum (Fig. 5B). The R2 ABP
antiserum reacted strongly and specifically with only one pro-
tein having an approximate molecular mass of 67 kDa. Similar
results were found with the R1 ABP antiserum (data not
shown). This analysis also demonstrated that the ABP protein
has a pI in the range of 7.0 to 8.0. Further analysis will be
required to accurately determine the exact pl.

One of the anti-ABP antisera, the R2 anti-ABP antiserum,
was chosen to test the ability of the sera to bind ABP on the
surface of CrFK cells. Immunofluorescence microscopy of CrFK
cells incubated with the R2 anti-ABP antibodies showed selec-
tive staining of the CrFK cell surfaces, whereas that with the
prebleed serum did not (Fig. 6A). The anti-ABP sera did not
react with either M. dunni or SF9 cells (data not shown).
ADV-G infection of CrFK cells was blocked when the cells
were preincubated with these antibodies (Fig. 6B). Both of the
anti-ABP polyclonal antisera tested blocked ADV-G infection
of CrFK cells (73 and 67% blocking, respectively), with an
optimal dilution of 1:10. The prebleed serum had no effect on
ADV-G infectivity. The blocking of ADV-G infection indi-
cated that ADV binding to ABP was required for binding and
entry into the cell to establish infection.
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FIG. 3. (A) Identification of a single VP2 virion binding protein from CrFK cells by VOPBA. One hundred micrograms of either CrFK or M. dunni membrane
proteins was separated on a nonreducing SDS-8% polyacrylamide gel and processed for VOPBA. '2°I-VP2 virions (100,000 cpm/50 wg) were used to probe the blot
on the left, while '>*I-CCMV virions (100,000 cpm/55 g) were used with the blot on the right. (B) Inhibition of '**I-VP2 virion binding to ABP by addition of unlabeled
VP2 virions. One hundred micrograms of CrFK membrane proteins was separated on a nonreducing SDS-8% polyacrylamide gel and processed for VOPBA.
Competing virions were added to the blots just prior to addition of the '**I-VP2 virions (100,000 cpm/50 ng). Left blot, '**I-VP2 virions alone (left lane), addition of
an 18-fold excess (900 pg) of unlabeled VP2 virions (middle lane), and addition of an 18-fold excess (900 pg) of unlabeled CCMYV virions (right lane). Right blot,
1251.VP2 virions alone (left lane), addition of an equivalent amount (50 ug) of unlabeled VP2 virions as labeled VP2 virions (middle lane), and addition of a ninefold
excess (450 pg) of unlabeled VP2 virions (right lane). Sizes of molecular weight markers are in thousands.

DISCUSSION

In this study we have identified a putative cellular receptor
for ADV, a single protein with a molecular mass of 67 kDa that
specifically binds ADV VP2 virions. This protein, which we
have named ABP, has many characteristics expected of a cel-
lular receptor: (i) ABP is expressed on the surface of CrFK
cells and specifically binds VP2 virions, (ii) ABP binding of
VP2 virions prevents virion binding to CrFK cells, (iii) VP2
virion binding to ABP on the CrFK cell surface prevents native
ADV-G virions from infecting the cells, and (iv) antibodies
directed against ABP bind to ABP on the CrFK cell surface
and block infection by ADV-G.

In our identification of ABP, we used baculovirus-expressed
VP2 virions. Although such artificially expressed virions poten-
tially differ from native ADV virions in terms of cell binding
and entry, we addressed this concern by demonstrating that
VP2 virions compete with native ADV-G virions for cell bind-
ing. The baculovirus-expressed VP2 empty virions are morpho-
logically and antigenically indistinguishable from ADV-G (8a).
For other parvovirus systems, determination of the atomic
structures of the native virions and empty VP2 empty virions
has shown very few differences between the two virion types
(1). In addition, it was demonstrated that the baculovirus-
expressed B19 VP2 virions are antigenically and immunologi-
cally similar to the native virions (26). Thus, there is no reason
to believe that the ADV VP2 empty virions behave differently
from ADV-G in cell binding.

By using immunofluorescence microscopy, antibodies raised
against ABP were reacted specifically with the surfaces of live
and fixed CrFK cells. The ABP antisera, when preincubated

with CrFK cells, blocked infection of the cells by ADV-G. The
simplest explanation for this result is that the antibodies bind
ABP and in doing so prevent ADV-G virions from binding to
the cell surface. Precedence for this exists in a number of virus
systems. Antibodies raised against two VOPBA-identified sur-
face proteins from C6/36 cells specifically blocked dengue virus
type 4 infection (42). In addition, antibodies raised against
biochemically identified cell surface proteins from echovirus,
Norwalk virus, Venezuelan equine encephalitis virus, papillo-
mavirus, and porcine reproductive respiratory syndrome virus
systems have been shown to specifically block attachment to
and thus infection of susceptible cells (21, 23, 30, 32, 48). The
possibility does exist that anti-ABP antibodies are nonspecifi-
cally blocking ADV-G attachment by steric hindrance to an-
other, yet-unidentified, protein that is the real receptor for
ADV. However, the additional data showing specific binding
of ADV to ABP argues against this interpretation. Complete
blocking of ADV-G infection was not obtained. Reductions of
73 and 67% were observed with the two antisera. This is most
likely due to the technical inability to block every single ABP
molecule on every cell. A single unbound ABP molecule could
result in virus binding, and the cell would score positive for
infection in our assay.

Experiments demonstrating the blocking of CrFK cell bind-
ing by ABP-complexed VP2 virions further support the hy-
pothesis that ABP is the ADV cellular receptor. This, along
with the antibody evidence discussed above, suggests that ABP
is necessary for ADV binding to CrFK cells. The partially
purified ABP used in the blocking experiments still contains
other proteins (the ABP preparation was estimated to be ap-
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experiments are shown.

proximately 70% pure) which could be playing a role in bind-
ing inhibition. However, the significant difference seen in bind-
ing inhibition between total CrFK membrane proteins and
partially purified ABP suggests that ABP is the cause of the
dramatic decrease in virion binding. We did not observe a
significant increase in concentration of any other proteins in
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the partially purified ABP that could contribute to the dra-
matic decrease in virus binding observed. Experiments to pu-
rify ABP to homogeneity for more detailed analyses are under
way.

During optimization of the VOPBA, we found that the in-
clusion of detergents in VOPBA buffers decreased the speci-
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FIG. 5. (A) Western blot of CrFK membrane proteins with ABP polyclonal antisera. Five hundred nanograms of CrFK membrane proteins was separated by
SDS-PAGE, transferred, and incubated with either normal rabbit serum (prebleed), rabbit R1 anti-ABP polyclonal antiserum, or rabbit R2 anti-ABP polyclonal
antiserum. Each serum was diluted 1:200. (B) Western blot of CrFK membrane proteins separated by using a two-dimensional gel where the first dimension was
near-equilibrium pH gel electrophoresis (with ampholines with a pH range of 3.5 to 9.5) and the second dimension was SDS-PAGE. The blot was probed with rabbit
R2 anti-ABP polyclonal antiserum diluted 1:200. Sizes of molecular weight markers are in thousands.
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ficity of binding to CrFK membrane proteins by VP2 virions.
Omitting detergents from the buffers resulted in the specific
binding of ABP by VP2 virions. One reason that the detergents
may promote nonspecific binding is that the detergents are
interacting with hydrophobic, transmembrane regions of the
membrane proteins on the VOPBA blot. The virions may be
nonspecifically interacting with the membrane protein-associ-
ated detergents. Work by Alexandersen et al. demonstrated
that ADV has a propensity to interact with hydrophobic cell
membrane components due to the amphiphilic nature of the
virion exterior (4). Thus, when detergents are present, the VP2
virions are likely interacting with the immobilized protein-
detergent complexes in a nonspecific manner.

Previous work by two different laboratories with another
parvovirus, CPV, attempted to use a similar approach in iden-
tifying its cellular receptor (6, 46). Both of those reports iden-
tified multiple proteins that bound CPV. The proteins identified
were different in each report, most likely because the cell lines
used differed. The report by Barbis et al. (6) demonstrated that
binding of some of the proteins from rhesus monkey erythro-
cytes, required for hemagglutination, was dependent on pro-
tein-associated sialic acid moieties, while others were not.
While both ADV and CPV are parvoviruses, the differ greatly
and are only distantly related among the parvoviruses. ADV
has approximately 40 more amino acid residues in VP2 than
does CPV. A significant proportion of these amino acid resi-
dues are positioned in the loop 3-4 region of VP2, a region of
the protein that is positioned on the virion surface at, or near,
the virion threefold axis of symmetry (33). This region is hy-
pothesized to be important for receptor binding and has been
demonstrated to contain amino acid residues that affect host
range in the CPV and feline panleukopenia virus systems as
well as in ADV (23a, 40, 45).

Native ADYV virions contain 60 protein molecules of which
about 10% are VP1. The VP1 protein contains all of the amino
acids encoded by the VP2-coding region with approximately 40

additional amino acid residues on the N terminus. Our results
indicate that the receptor binding component of ADV virions
is contained within the VP2-coding region, since the baculo-
virus-expressed VP2 empty virions do not contain VP1. VP1
empty virions can be expressed in baculovirus and contain
approximately 90% VP1 and 10% VP2 (the opposite of what is
found in native virions). The VP1 virions were analyzed for
their ability to bind ABP in the VOPBA and were found to
behave similarly to VP2 virions (data not shown). These results
indicate that the VP1 unique region does not significantly
influence receptor binding.

The identification of the ADV receptor utilized in permis-
sive infection will undoubtedly contribute to future studies
aimed at understanding the biology of ADV pathogenesis. An
important but unanswered question in ADV pathogenesis is
which cells in the mink are capable of being infected. Experi-
ments identifying infected cells have been limited by the sen-
sitivity of assays detecting virus replication. Using the antibod-
ies to ABP, we plan to screen various mink cell populations for
the cell surface expression of an ABP homologue. If these
antibodies are capable of cross-reacting with the mink equiv-
alent of ABP, we will be able to identify which cell populations
can potentially be infected. In addition, defining the ADV-
receptor complex in chemical terms will offer the possibility of
designing therapies that could potentially interfere with this
interaction and block virus infection. This would be highly
desirable for the treatment of mink kits that have contracted
ADV, because the mortality rate is often high and there is not
currently a method to either prevent or cure the infection in
such kits.
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