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Polypeptides of amino acids 1 to 241 (PVR241) and 1 to 330 (PVR330) of the human poliovirus receptor
(hPVR) were produced in a baculovirus expression system. PVR241 contained extracellular domains 1 and 2
of hPVR, and PVR330 contained extracellular domains 1, 2, and 3. These peptides were purified by immuno-
affinity column chromatography with an anti-hPVR monoclonal antibody (MAb). After the purification,
PVR241 and PVR330 appeared to retain their native conformation as judged by reactivity with an anti-PVR
MAb that recognized domain 1 of hPVR in a conformation-dependent manner. The virulent Mahoney strain
of poliovirus type 1 was mixed with the purified PVRs in various concentrations. An average of at least 43
PVR330 molecules were able to bind to one virion particle under the conditions used. The equilibrium
dissociation constant between the PVR330 molecule and the PVR binding site (canyon) on the virion was
determined to be 4.50 6 (0.86) 3 1028 M at 4°C. Higher rates of conformational change of the virus (160S) to 135S
and 80S particles were observed as the concentration of PVR330 was increased. In this in vitro system, the ratio of
the amount of the 135S particle to that of the 80S particle seemed to be always constant. After the disappearance
of the 160S particle, the amount of the 80S particle was not increased by further incubation at 37°C. These results
suggested that the 80S particle was not derived from the 135S particle under the conditions used in this study.

Poliovirus, the causative agent of poliomyelitis, is a human
enterovirus that belongs to the family Picornaviridae. The pre-
cise three-dimensional structure of the virion particle was elu-
cidated by crystallographic studies (16). The nonenveloped
capsid consists of 12 pentamers, each of which is composed of
five protomers. A protomer is formed by three surface pro-
teins, VP1, VP2, and VP3, and the internal protein VP4. A
fivefold axis formed by the five capsid protein VP1s exists at
the center of each pentamer. Surrounding each fivefold axis is
a deep cleft, termed a canyon (35), that is proposed to attach
to the poliovirus receptor (PVR) on the surface of permissive
cells. These structural investigations suggest that each pro-
tomer carries a single attachment site for PVR, resulting in 60
PVR binding sites per virion. Indeed, experimental evidence
involving soluble ICAM-1 and human rhinovirus, another
member of the Picornaviridae, strongly suggests that 60 attach-
ment sites for ICAM-1 per virion exist (17).

The genomic and complementary DNAs for human PVR
(hPVR) have been isolated from HeLa cells (23, 31). hPVR is
a member of the immunoglobulin (Ig) superfamily, with three
linked extracellular Ig-like domains of V-C2-C2, followed by a
membrane-spanning domain and a cytoplasmic domain. Anal-
ysis of the alternative splicing products of the hPVR gene has
revealed that there are at least four mRNA isoforms. Two
membrane-bound forms (hPVRa and hPVRd) and two se-
creted forms (hPVRb and hPVRg) are potentially expressed
in human cells (23). All of the isoforms have an identical
nucleotide sequence encoding a signal peptide and the three
Ig-like domains.

The extracellular domain of hPVR contains eight putative
N-linked glycosylation sites. Some or all of the sites were sug-

gested to be linked to sugar chains (3). Indeed, antibodies
against hPVR detected membrane-associated molecules of 70
to 80 kDa (3, 23), although the molecular masses of hPVRa
and hPVRd calculated from the deduced amino acid sequences
were approximately 45 and 43 kDa, respectively. Molecular
genetic analysis has revealed that the poliovirus binding site
resides in the N-terminal Ig-like domain (domain 1) (24, 32,
37) and that sugar moieties possibly attached to this domain
are dispensable for the virus-receptor interaction leading to
virus infection (25, 43). Furthermore, key amino acids that
influence the binding of poliovirus type 1 have been identified
(2, 4, 33).

It is well known that the susceptible cells convert the 160S
infectious poliovirion to a 135S particle, sometimes called the
A particle, which has lost the internal protein VP4 and is not
an infectious particle (28). This conversion of the virion par-
ticle is considered to result in virus uncoating, that is, the
formation of an 80S particle which has lost the RNA genome
in addition to the VP4. A similar alteration of poliovirus par-
ticles is seen when susceptible cell extracts are mixed with
poliovirus (9–11, 15). Conversion of poliovirus is also observed
when the virus is mixed with nonsusceptible insect cells in-
fected with a recombinant baculovirus carrying a cDNA en-
coding hPVR (20). The in vitro conversion product of 135S is
indistinguishable from that observed in the early stage of pro-
ductive infection in cultured cells (41). These observations
suggest that the hPVR molecule itself triggers the uncoating
process of poliovirus. To rule out the possibility that another
molecule(s), in addition to PVR, contributes to the uncoating
process of the virus, the effect of highly purified PVR on viral
conformation should be tested. To date, only preliminary ex-
periments involving a purified recombinant fusion protein,
which carries the extracellular domain of hPVR and the Fc
domain of human IgG, suggest that hPVR has an ability to
convert the 160S infectious particle to 135S and 80S particles
during incubation at 37°C (26).
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The interaction of poliovirus with its cellular binding sites
has been investigated by using a receptor-excess assay (6).
Binding of poliovirus to HeLa cells fits a theoretical simple
bimolecular noncooperative binding curve with an equilibrium
dissociation constant (Kd) of 4.3 3 107 cells/ml at 4°C, or 2.1 3
10210 M, assuming 3,000 virus binding sites per cell. This value,
however, may not represent a real dissociation constant be-
tween hPVR and the attachment site (canyon), since there
must be multiple PVR binding sites on a virion particle and
since PVR may exist in small clusters on the cell surface (29).
In this study, we produced extracellular portions of hPVRs by
using a baculovirus expression system and purified them by an
affinity purification method. The dissociation constant (Kd) for
a recombinant PVR and a PVR binding site on the virion
particle was calculated to be 4.50 3 1028 6 0.86 3 1028 M at
4°C. The effect of the concentration of a recombinant PVR on
the rate of the viral conformational change was investigated.
Here we describe that PVR itself has an ability to convert 160S
intact virions to 135S or 80S particles and that the 80S particle
is not derived from the 135S particle under the reaction con-
ditions used.

MATERIALS AND METHODS

Cells and viruses. Suspension-cultured HeLa S3 cells were grown in RPMI
1640 medium supplemented with 5% newborn calf serum (NCS), and monolayer
HeLa S3 cells were grown in Dulbecco modified Eagle’s medium supplemented
with 5% NCS. These cells were used for preparation of poliovirus. African green
monkey kidney cells were cultured in Dulbecco modified Eagle’s medium sup-

plemented with 5% NCS and used for plaque assay (21). BmN insect cells were
cultured in TC-100 medium supplemented with 10% fetal calf serum at 27°C and
used for preparation of recombinant baculoviruses (Bombyx mori nuclear poly-
hedrosis viruses). Recombinant baculoviruses were amplified by passaging three
times and used as inocula for preparation of recombinant PVRs. For preparation
of recombinant PVRs, BmN cells were cultured in serum-free medium (EX-
CELL 400; JRH Biosciences). The Mahoney strain of type 1 poliovirus, PV1(M),
was produced in African green monkey kidney cells or HeLa cells transfected
with an infectious RNA transcribed from the cDNA clone PV1(M)OM (39).

Purification of poliovirus. HeLa S3 cells were infected with PV1(M) at a
multiplicity of infection (MOI) of 10. The cells were collected at 7 h postinfec-
tion, and the virus was purified from cytoplasmic extracts of the infected cells by
using DEAE-Sepharose CL-6B (Pharmacia Biotech) (18) followed by centrifu-
gations on a sucrose density gradient and a CsCl density gradient as previously
described (19). Purified virus was desalted by gel filtration on a PD-10 column
(Pharmacia Biotech) equilibrated with phosphate-buffered saline (PBS) (10 mM
phosphate buffer [pH 7.0], 137 mM NaCl, and 2.6 mM KCl). The concentration
of poliovirions was determined by measuring absorbance at 260 nm, where 1.0
optical density unit is regarded as being equivalent to 9.4 3 1012 virions (36). The
virus solutions were supplemented with bovine serum albumin (BSA) (Initial
Fractionation by Heat Shock; Sigma) to give a final concentration of 1% and
stored at 280°C. For preparation of [35S]methionine- and [35S]cysteine-labeled
poliovirus, HeLa S3 cells in monolayer culture (2.0 3 107 cells) were infected
with poliovirus at an MOI of 10. At 2 h postinfection, the medium was changed
to methionine- and cysteine-free medium containing 4 mCi of [35S]methionine
and [35S]cysteine (EXPRE35S35S Protein Labeling Mix, [35S]-; NEN). The la-
beled poliovirus was purified as described above.

FIG. 1. Schematic structures of recombinant PVRs expressed in a baculovi-
rus system. The number of amino acids in each region is shown for hPVRa and
recombinant PVRs. Possible N-linked glycosylation sites are indicated by trian-
gles. The box represents a transmembrane domain.

FIG. 2. Purity of recombinant PVRs expressed by a baculovirus system. Re-
combinant PVRs were expressed in a baculovirus system and purified by immu-
noaffinity column chromatography as described in Materials and Methods. (A)
Western blot analysis of purified PVR142, PVR163, and PVR241. (B) Silver
staining of purified PVR241 and PVR330. (C) Autoradiography of [35S]methi-
onine-labeled PVR241 and PVR330. (Positions of molecular mass markers are
indicated on the left of panels A to C.) PVR241 (D) and PVR330 (E) were
analyzed by a gel filtration. BD, Blue Dextran 2000; Fe, ferritin (440 kDa); Ca,
catalase (232 kDa); Al, aldolase (158 kDa); Ab, albumin (67 kDa); Ov, ovalbu-
min (43 kDa), and Ch, chymotrypsinogen A (25 kDa).
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Preparation and purification of recombinant PVRs. Recombinant baculovi-
ruses were prepared by cotransfection of BmN cells with baculovirus DNA and
a transfer vector (pBM.050) that carries a PVR cDNA encoding amino acids 1
to 142, 1 to 163, 1 to 241, or 1 to 330 of hPVR. Recombinant virus that did not
produce the polyhedrin protein was chosen by limiting dilution of the virus (1).
To produce hPVR extracellular domains in large numbers, BmN cells (107) were
infected with recombinant baculoviruses at an MOI of 5, and the culture fluid
collected at 60 to 66 h postinfection was subjected to centrifugation at 1,000 3
g for 5 min at room temperature. The supernatant was filtered through a mem-
brane filter (0.22-mm pore size; Millipore) and separated by immunoaffinity
column chromatography (30) with the anti-PVR monoclonal antibody (MAb)
p286, which recognizes domain 1 of hPVR in a conformation-dependent manner
(42). Recombinant PVRs were eluted with 50 mM glycine-HCl (pH 3.0), neu-
tralized immediately by the addition of 1/20 volume of 1 M Tris-HCl (pH 7.5),
and concentrated with an Ultrafree CL concentrator (UFC4 LGC 25; Millipore).
Recombinant PVRs carrying up to 142, 163, 241, and 330 amino acid residues
from the N terminus of hPVR were designated PVR142, PVR163, PVR241, and
PVR330, respectively (Fig. 1). For labeling recombinant PVRs, the medium was
replaced at 24 h postinfection by methionine-free medium containing 4 mCi of
[35S]methionine and [35S]cysteine (EXPRE35S35S Protein Labeling Mix, [35S]-),
and the culture fluid was harvested at 60 to 66 h postinfection. The purification
procedure for [35S]methionine-labeled recombinant PVRs was the same as that
for unlabeled recombinant PVRs described above.

The concentrations of purified recombinant PVRs in solution were deter-
mined by measuring the absorbance at 280 nm, taking their amino acid compo-
sitions into consideration (34), as described previously for soluble ICAM-1 (30).
Western blot analysis was also employed for estimating amounts of PVRs (see
below). Concentrations of [35S]methionine-labeled recombinant PVRs in solu-
tions were determined by enzyme-linked immunosorbent assay (ELISA) (see
below). In this expression system, 40 to 80 mg of purified PVRs was obtained
from 5 3 107 BmN cells.

Gel filtration. Purified PVRs were analyzed by gel filtration on Superdex 200
PC3.2/30 (Pharmacia Biotech) in PBS with a SMART System (Pharmacia Bio-
tech). A low- and high-molecular-weight gel filtration calibration kit (Pharmacia
Biotech) was used to estimate molecular weights according to the instructions of
the manufacturer. Complexes of PVR330 and virion-related particles were an-
alyzed on Sephacryl S-300 superfine.

Measurement of equilibrium dissociation constant. Anti-PV1(M) MAb
7m012, which was able to bind to PV1(M) but not able to neutralize the virus,
was purified by protein A-Sepharose column chromatography and adjusted to a
concentration of 0.25 mg/ml in PBS. Each well of a microtitration plate (Immu-
lon 2; Dynatech Laboratories) was treated with 50 ml of MAb 7m012 solution,
kept at room temperature for 2 h, and washed with PBS twice. The wells were
filled with 150 ml of 3% BSA in PBS, incubated at 4°C overnight, and washed
three times with Tris-buffered saline (TBS) (20 mM Tris-HCl [pH 7.5], 137 mM
NaCl) containing 0.05% Tween 20 (TBS-0.05T). The poliovirus suspension (100
ml/well) was added to the wells in a concentration range of 0.35 3 1029 to 1.75 3
1029 M and incubated at 4°C overnight. The wells were washed three times with
TBS-0.05T and then treated with recombinant PVR (100 ml/well) in a concen-
tration range of 2.29 3 1028 to 21.2 3 1028 M. After incubation at 4°C for 24 h,
the solution (containing unbound recombinant PVR) was removed, and the
radioactivity associated with the well (recombinant PVR bound to the well) was
recovered in a 100-ml solution containing 0.2 M NaOH and 1% sodium dodecyl
sulfate. The radioactivities of unbound PVR and PVR associated with the well
were measured in a liquid scintillation counter. Approximately 2.5% of the total
unbound-PVR radioactivity usually remained in the well after the removal of the
solution. This value was used to revise the amount of PVR associated with the
well. The Kd value was determined by plotting the data in a standard Scatchard
plot.

A similar experiment was carried out to determine the number of PVR330
molecules bound per virion. In this case, however, the poliovirus suspension was
added at a concentration of 0.18 3 1029 M, and the PVR was at up to 4.3 3 1027

M.
Sucrose density gradient centrifugation. Poliovirions were incubated with

recombinant PVR molecules in PBS containing 1% BSA in a total volume of 250
ml at 4°C overnight. After a temperature shift from 4 to 37°C, the mixtures were
incubated for 0 to 60 min, applied to a 15 to 30% sucrose density gradient in PBS
containing 0.1% BSA, and centrifuged at 39,000 rpm for 2 h at 4°C in a Beckman
SW41 rotor. After fractionation, the radioactivity of each fraction (0.6 ml) was
measured in a liquid scintillation counter. Native poliovirions (160S) and 80S
particles prepared as reported by Lonberg-Holm et al. (28) and Kaplan et al. (20)
were used as markers.

Western blot analysis. Western blot analysis was performed by using a culture
fluid of hybridoma cells which produced anti-PVR MAb 5D1 for quantification
of purified PVRs. MAb 5D1 was prepared by Aoki et al. (2), and recognizes
domain 1 of hPVR in a conformation-independent manner. The samples were
subjected to 15% polyacrylamide gel electrophoresis in a Laemmli buffer system
(27). The proteins in the gel were transferred to a polyvinylidene difluoride filter
(Immobilon; Millipore) and blocked as described previously (39). The filters
were incubated with MAb 5D1 solution (1:10 dilution) at room temperature for
1 h in TBS containing 0.5% Tween 20 (TBS-0.5T) and 2% nonfat dry milk. The
filters were washed with TBS-0.5T three times for 5 min each, incubated with

FIG. 3. Recognition of purified PVR241 and PVR330 by MAb p286. 35S-
labeled PVR241 (A) or PVR330 (B) was incubated with MAb p286 (closed
symbols) or without MAb p286 (open symbols) in PBS containing 1% BSA at 4°C
for 24 h. The final concentrations of PVRs and MAb p286 were 6.06 3 1028 and
5.60 3 1027 M, respectively. The mixtures were analyzed by chromatography on
Sephacryl S-300 superfine (Pharmacia). The chromatography was carried out in
PBS at 4°C. Radioactivities in aliquots of fractions were measured in a liquid
scintillation counter.

FIG. 4. Number of PVR330 molecules bound per virion. Poliovirions (ap-
proximately 1.33 3 10214 mol per well) bound to the well by means of MAb
7m012 were reacted with 35S-labeled PVR330 in various concentrations as de-
scribed in Materials and Methods. Numbers of bound PVR330 molecules were
calculated by using the specific activity of the labeled compound.
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sheep anti-mouse IgG antibodies conjugated with horseradish peroxidase (1:
1,000 dilution; Amersham Life Science) at room temperature for 1 h, and washed
with TBS-0.5T five times for 5 min each. The filters were then treated with the
ECL detection reagents (Amersham Life Science) for 1 min, and densities of
visible bands were quantified by using a GS-525 Molecular Imager (Bio-Rad)
and Molecular Analyst (Bio-Rad).

To investigate the components of poliovirus and its related particles, a similar
Western blot analysis was performed with a mixture (1:1) of rabbit hyperimmune
serum against PV1(M) virion and the capsid protein VP4 derived from the Sabin
1 strain of type 1 poliovirus.

ELISA. ELISA was carried out as previously described (22, 40). Each well of
a microtitration plate (Immulon 2; Dynatech Laboratories) was treated with 50
ml of purified anti-PVR MAb p286 (1:100 dilution of a 1-mg/ml solution) (42) at
room temperature for 2 h. After washing with PBS, 150 ml of 3% BSA in PBS was
added to each well and incubated at 4°C overnight. The wells were washed with
TBS-0.05T three times and incubated with 100 ml of twofold serial dilutions of
purified recombinant PVRs in PBS containing 1% BSA per well at 4°C overnight.
The wells were washed with TBS-0.05T three times and incubated with rabbit
hyperimmune serum against amino acid residues 32 to 46 of hPVR (1:1,000
dilution) at room temperature for 2 h. The wells were washed with TBS-0.05T
three times, incubated with 100 ml of donkey anti-rabbit IgG antibodies conju-
gated with horseradish peroxidase (1:1,000 dilution; Amersham Life Science) per
well at room temperature for 2 h, and washed five times. To each well was then
added 100 ml of enzyme substrate solution (pH 5.0) containing 0.05 M citric acid,
0.1 M dibasic sodium phosphate, 0.04% ortho-phenylenediamine, and 0.006%
H2O2. The enzyme reaction was performed in the dark at 37°C for 10 min and
stopped by the addition of 50 ml of 2 M H2SO4 per well. The absorbance at 492
nm was measured for each well. Relative concentrations of recombinant PVR
solutions were estimated by comparison with a standard curve that was obtained
in a parallel experiment using a PVR preparation whose concentration had been
determined by measuring absorbance at 280 nm as described above.

RESULTS

Purification of recombinant PVRs. Recombinant PVRs,
PVR142, PVR163, PVR241, and PVR330, were produced in
BmN insect cells infected with the corresponding recombinant
baculoviruses (Fig. 1) and purified by immunoaffinity column
chromatography. Western blot analysis with MAb 5D1 was
carried out on the preparation of PVR142, PVR163, or
PVR241 after the purification process. As shown in Fig. 2A,
only one protein was detected for each PVR preparation. Mo-
lecular masses calculated from the deduced amino acid se-
quences of these recombinant PVRs that lacked a putative
signal peptide portion (27 amino acid residues) (5) were 12.8,
15.1, and 23.4 kDa, respectively; these values are smaller than
those obtained from the data shown in Fig. 2A. These discrep-
ancies in molecular mass may result from glycosylation occur-
ring during the expression process. Similar observations were
made for PVR330, whose calculated molecular mass was 33.1
kDa (data not shown; see Fig. 2B and C).

Although PVR142 and PVR163 were observed in Western
blot analysis with MAb 5D1 (Fig. 2A), these PVRs were not
detected in an ELISA with MAb p286, which recognizes do-
main 1 of hPVR in a conformation-dependent manner,
whereas PVR241 and PVR330 were detected in a similar assay
(data not shown). This suggests that PVR142 and PVR163 had
lost their native conformation during the affinity purification.
These two recombinant PVRs were therefore not used for
further studies.

To estimate the purities of PVR241 and PVR330, these
recombinant PVRs were analyzed by polyacrylamide gel elec-
trophoresis followed by silver staining (Fig. 2B) and autora-
diography (Fig. 2C). Densitometric analyses of the stained gel
and the autoradiography indicated that the purity of either
PVR241 or PVR330 was more than 97% (data not shown).
The data shows the high degree of purity of the 35S-labeled and
unlabeled recombinant PVRs, PVR241 and PVR330, used in
this study.

Gel filtration analyses were also employed for estimating the
molecular masses of PVR241 and PVR330. As shown in Fig.

2D and E, the molecular masses of PVR241 and PVR330 were
36 and 63 kDa, respectively; those values were comparable to
the values obtained by gel electrophoreses (Fig. 2B and C).
The data also suggested that these molecules were present in
monomer form in PBS.

Reactivities of purified PVR241 and PVR330 with MAb
p286 were examined by mixing 35S-labeled recombinant PVRs
with the MAb followed by separation of the immune com-
plexes by gel filtration column chromatography (Fig. 3). Peaks
of those PVRs are shifted in the presence of MAb p286. The
data indicate that almost all recombinant PVRs are recognized
by MAb p286. Thus, the native conformation of domain 1
seems to have been retained in PVR241 and PVR330.

PVR binding sites on virion particles. Structural studies of
poliovirus have strongly suggested that 60 PVR binding sites
are present on each virion particle. To prove this, PV1(M) was
fixed to the well of a microtitration plate and reacted with
various concentrations of PVR330 up to 4.3 3 1027 M. The
amount of PV1(M) bound per well was 1.33 3 10214 mol. As
shown in Fig. 4, the number of PVR330 molecules bound per
virion increased with increasing concentrations of PVR330.
The maximum average number of PVR330 molecules bound
was 43 per virion in this experiment. Most probably, more
PVR330 could bind per virion if a higher concentration of
PVR330 was used; the data shown in Fig. 4 suggested that the
virion surface was not yet saturated with PVR330 molecules.
Thus, it is likely that a virion particle has the capacity to bind
60 PVR330 molecules. The binding affinity (see below) ap-
peared not to be sufficiently high to demonstrate 60 PVR330
molecules bound per virion at the highest PVR330 concentra-
tion available for this study.

Measurement of Kd between poliovirus and recombinant
PVR. To estimate the affinity between a recombinant PVR330
molecule and a PVR binding site on PV1(M), the equilibrium
dissociation constant (Kd) was measured at 4°C by two meth-

FIG. 5. Kd value for recombinant PVR330 and its binding site on polioviri-
ons. Poliovirions were fixed to the bottom of the well by means of MAb 7m012.
Poliovirion concentrations of 1.31 3 10213, 6.67 3 10214, and 2.60 3 10214 mol
bound per well are indicated by closed circles, open squares, and open circles,
respectively. Poliovirions in the well were incubated with various concentrations
of PVR330 (67,000 cpm; adjusted to a final concentration of 2.29 3 1028 to
21.2 3 1028 M by the addition of unlabeled PVR) as described in Materials and
Methods. Two independent experiments were performed.
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ods. The initial method involved separation of PVR bound to
PV1(M) from unbound PVR on a gel filtration column. This
method, however, gave a variety of Kd values of approximately
1027 (data not shown), probably because of a low affinity
between PVR and its binding site. PVR molecules were most
likely released from virion particles during the experimental
procedure. We therefore tried a second method that removed
unbound PVR by washing. Washing the well after the binding
reaction also appeared to result in release of PVR that had
bound to PV1(M). Washing was omitted; the reaction super-
natant was simply aspirated, and a correction factor for the
lack of washing was accounted for in the calculation of binding
as described in Materials and Methods. The affinity between
the recombinant PVR and PV1(M) clearly seemed not to be
very high.

Three different amounts of PV1(M) and various concentra-
tions of PVR330 were used for binding reactions as described
in Materials and Methods. As shown in Fig. 5, the Scatchard
analysis indicates a fairly constant Kd value of 4.50 3 1028 6
0.86 3 1028 M at 4°C under any of the conditions used here.
When 2.60 3 10214 mol of PV1(M) was bound to the well, the
number of PVR330 molecules bound per PV1(M) particle (the
point of intersection on the y axis) is about 40, which is close to
that observed in Fig. 4. The number of PVR molecules bound
per virion decreased as the number of PV1(M) particles bound
to the well increased.

PV1(M) was fixed to the bottom of the well by means of
MAb 7m012. This fixation method may have reduced the num-
bers of virion binding sites available for PVR binding. In ad-
dition, virion particles may aggregate at higher concentrations.
Indeed, the higher concentrations of PV1(M) used here re-
sulted in clumping (data not shown), which may lower the
number of free PVR binding sites per virion. In any case, all of
the available binding sites on the virion appeared to have the
same affinity for PVR.

Conformational change of poliovirus. To examine whether
intact poliovirions (160S) are converted to 135S and 80S par-
ticles by incubation with purified PVR330, PV1(M) was mixed
with different concentrations of purified PVR330 at 4°C, fol-
lowed by incubation at 37°C. As shown in Fig. 6A, 80S and
135S-like particles appeared and increased during the incuba-
tion at 37°C, while only slight increases of those particles were
observed in the absence of PVR330 (Fig. 6D). Similar virus
conversion was observed when the number of PVR330 mole-
cules bound per virion was around 5 (data not shown). The
data indicated that recombinant PVR330 itself is capable of
virus conversion from the 160S particle to the smaller particles.
The conversion rate was accelerated by using higher ratios of
PVR molecules to PV1(M) (Fig. 6). Thus, a higher number of
PVR330 molecules bound per virion seemed to result in a
faster conformational change. Interestingly, the amount of 80S
particle was constant during incubation at 37°C after the 160S

FIG. 6. Effect of concentration of PVR330 on rate of conformational change of poliovirions. [35S]methionine- and [35S]cysteine-labeled poliovirions were incubated
with PVR330 at 37°C, and the conformational changes were analyzed at the indicated times by using sucrose density gradient centrifugation as described in Materials
and Methods. Concentrations of 7.8 3 108 virions (1.8 3 105 cpm) per ml (A and D) and 3.9 3 108 virions (1.2 3 105 cpm) per ml (B and C) were mixed with 1.92 3
1028 M (A), 3.37 3 1028 M (B), 10.1 3 1028 M (C), and no (D) PVR330. Fractions are numbered from the top to bottom of gradients. Positions of 80S and 160S
particles are indicated by arrows.
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particle had disappeared, and the ratio of 80S particle to 135S-
like particle was also unchanged (Fig. 6C). Similar phenomena
are shown in Fig. 6B. This data suggested that the 80S particle
is not derived from the 135S peaks observed in the gradients.

Components in fractions of sucrose gradients. Ranging in
size between the 160S and 80S particles, several forms of par-
ticles (135S-like particles) existed in sucrose gradient fractions
(Fig. 6 and 7A). Because their S values appear not to be

identical, the components of these particles may be different
from those of the 135S particles so far observed. Particles from
sucrose gradient fractions 9, 10, and 11, outlined in Fig. 7A,
were disrupted and analyzed by Western blotting. The data for
fraction 11 is shown in Fig. 7C, lane 2. The 135S-like particles
appeared to have VP1, VP2, and VP3 but not VP4 when the
pattern was compared with that of 160S particle (Fig. 7C, lane
3). Similar results were obtained for the other fractions. Thus,

FIG. 7. Materials in fractions of sucrose density gradients. (A) [35S]methionine- and [35S]cysteine-labeled poliovirus (1.4 3 105 cpm) at a concentration of 1.01 3
108 virions per ml was mixed with 4.13 3 1028 M PVR, incubated at 37°C for indicated times, and analyzed under the same conditions described in the legend for Fig.
6. Positions of VP4, 80S particles, and 160S particles are indicated by arrows. (B) Autoradiography of top fractions (fractions 1, 2, and 3) after separation by
polyacrylamide gel electrophoresis. In this fraction, radioactivities of VP1, VP2, VP3, and VP4 were 0.99, 1.77, 1.73, and 95.5% of the total radioactivity, respectively.
(C) Materials in the top fraction (lane 1) and fraction 11 (lane 2) and 160S intact virion particles (lane 3) were analyzed by Western blot analysis with a mixture (1:1)
of rabbit hyperimmune serum against poliovirus type 1 and its capsid protein VP4.
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these particles seemed to be composed of the same materials
as the 135S particle (41).

Viral capsid protein VP4, which was missing in the confor-
mationally altered particles, must exist at the top fraction of
the gradient. To confirm this, the radioactive materials of the
top fraction were analyzed by polyacrylamide gel electrophore-
sis followed by autoradiography (Fig. 7B). The data showed
that most of the radioactivity was due to VP4. Densitometric
analysis demonstrated that more than 95% of the radioactivity
was VP4, and VP4 in the top fraction was also detected by
Western blot analysis (Fig. 7C, lane 1).

PVR binding to virion-related particles. To determine
whether PVR330 stays bound to the virion-related particles
after the conversion from the 160S particle, the binding of
PVR330 to 135S and 80S particles was examined (Fig. 8).
35S-labeled PVR330 was mixed with unlabeled 160S particles
under the conditions used for the experiments described in Fig.
6C, incubated at 37°C for 20 min, and further incubated at 4°C
for 20 min. At the end of the first incubation, all of the 160S
particles should have been converted to 135S and 80S particles.
After the reaction, the mixture was separated by gel filtration
with Sephacryl S-300 superfine (Pharmacia Biotech) (Fig. 8).
As a control, 35S-labeled PVR330 was incubated with unla-
beled 160S particles and treated similarly. As shown in Fig. 8,
a peak at the void volume was observed only when PVR330
was incubated with the 160S particle. The data indicated that
PVR330 binds only to the 160S particle, suggesting that
PVR330 is released from the virion-related particles after the
conversion of the 160S particle.

Possible reduction of PVR activity during the purification
procedure. Domain 1 of purified PVR330 appeared to be in-
tact as judged by its reactivity with MAb p286 (Fig. 3). How-
ever, virus conversion activity may have been reduced during
elution at pH 3.0 from the immunoaffinity column. To exclude
this possibility, the pH of PVR330 culture fluid from baculo-
virus-infected cells was raised to 3.0, and the fluid was exam-
ined for its virus-neutralizing activity (Fig. 9). The culture fluid
was incubated with 1.5 3 106 PFU of PV1(M) at 37°C for 1 h
(Fig. 9, bar 1). Residual activity of the virus was less than 200
PFU. These remaining infectious particles might have been
PVR-resistant poliovirus mutants (7). The number of residual
infectious particles appeared to increase when 0.9 and 0.8
volumes of the culture fluid were used in similar experiments
(Fig. 9, bars 2 and 3). The data strongly suggested that the

virus-neutralizing activity of the culture fluid was marginal; the
conditions used for the experiment shown in Fig. 9, bar 1, are
useful to examine the possible reduction of PVR330 virus-
neutralizing activity during the purification procedure. The
culture fluids treated at pH 3.0 for 1, 3, or 5 min at 4°C were
adjusted to neutral pH, dialyzed against PBS, and examined
for their virus-neutralizing activities (Fig. 9, bars 4, 5, and 6).
Fewer than 200 PFU remained after incubation with the
treated fluids. The data indicated that reduction of the virus
conversion activity by the acid treatment was negligible. Simi-
lar results were obtained for the culture fluid containing
PVR241. The exposure time for recombinant PVRs under
acidic conditions was less than 5 min and should not have
affected the virus conversion activities of PVR241 and
PVR330.

DISCUSSION

Reduction of poliovirus infectivity mediated by two N-ter-
minal domains of hPVR has been reported (44). In this study,
we have demonstrated that the purified extracellular region of
hPVR itself has an activity that changes the conformation of
the intact poliovirion (160S) to 135S-like and 80S particles.
Previous studies (24, 32, 37, 38) have shown that domains 2 and
3 of hPVR are dispensable for establishment of binding and
infection of poliovirus. PVR142 and PVR163, which carried
only domain 1 of hPVR, however, failed to retain their intact
conformation during the purification procedure used in this
study. Purified PVR142 and PVR163 did not show significant
virus-neutralizing activity (data not shown), whereas purified

FIG. 8. Gel filtration of mixtures of PVR330 and virion-related particles.
PVR330 was incubated at 4°C with 160S intact poliovirions (■) or their conver-
sion products (135S) (h) and analyzed by gel filtration. ‚, PVR330 alone.

FIG. 9. Neutralizing activity of culture fluids containing PVR330. Culture
fluid (134 ml [bar 1], 121 ml [bar 2], or 107 ml [bar 3]) containing PVR330 was
mixed with 1.5 3 106 PFU of PV1(M) in PBS containing 1% BSA and incubated
at 4°C for 3 h and then at 37°C for 1 h. Plaque assay was performed as described
in Materials and Methods. Similar experiments with 134 ml of the culture fluid
were carried out after the treatment of the fluid at pH 3.0 in a glycine-HCl buffer
at 4°C for 1 (bar 4), 3 (bar 5), and 5 (bar 6) min, neutralization, and dialysis
against PBS. Experiments were performed in triplicate, and error bars indicate
standard deviations.
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PVR241 (data not shown) and PVR330 (Fig. 9) did. Thus, the
virus conversion activity appeared to be mainly due to the
intact conformation of hPVR domain 1. Our data indicated
that domain 2 is necessary for maintenance of domain 1 con-
formation, at least during the purification process.

Based on the results of structural studies (16), as many as 60
PVR binding sites reside on the poliovirus particle, although
43 PVR molecules was the observed maximum average num-
ber that bound per virion (Fig. 3). A higher ratio of PVR
molecules to virion particles resulted in a faster conforma-
tional change of the virions. Acceleration of the virion conver-
sion rate by increasing the concentration of soluble receptor
has been reported for human rhinovirus (14, 17). Furthermore,
our data strongly suggested that, after the conversion, PVR is
released from the virion-related particles. According to our
preliminary experiments, the released PVR330 still appeared
to have virion conversion activity. It is therefore possible that
the virion conversion activity of PVR330 is catalytic.

The Kd value for poliovirus binding sites on HeLa cells and
poliovirions has been calculated to be 2.1 3 10210 M at 4°C
(6), assuming 3,000 binding sites on HeLa cells. In this study,
the Kd between recombinant PVR and the PVR binding site on
poliovirus was determined to be 4.50 3 1028 6 0.86 3 1028 M
at 4°C. Thus, the value obtained here is much higher than that
previously reported. Possibly more than two PVR molecules
per virion mediate poliovirus binding to HeLa cells. Several
PVRs in a cluster may contribute to binding of a virion to the
cell, because PVRs are reported to be present in small clusters
on the cell surface (29). It should be noted that oligomerization
of purified PVR was not observed in this study (Fig. 2D and E).
It is possible that purified recombinant PVR has a reduced
virus binding activity compared with the native PVR present
on the cell surface, although virus conversion activity appeared
not to be lowered during the purification process (Fig. 9).
Other domains, such as a transmembrane domain and/or a
cytoplasmic domain, might be required in part for the virus
binding activity of hPVR. In addition, the activity may be
influenced by glycosylation that differs in mammalian cells and
insect cells.

In vitro experiments involving purified recombinant PVR
and virion particles demonstrated that the 80S particle was not
formed from the 135S particle after the 160S particle disap-
peared. This indicated that the 80S particle is formed directly
from 160S intact virions. Although the 135S particle has long
been thought not to be infectious, Curry et al. (8) have recently
described that poliovirus 135S particles can infect Chinese
hamster ovary cells and murine L cells. Neither of those cell
types are susceptible to infection by native poliovirus, because
they lack a PVR. The 135S infectivity may be associated with
the N terminus of VP1, which is exposed on the surface of the
135S particle and has been shown to mediate interactions of
the particle with lipid membranes (13). These results suggested
that the poliovirus 135S particle is a potential intermediate in
the cell entry pathway. There may be a pathway in virus con-
version from the 135S particle to the 80S particle in these cells.
If this is the case, a cellular factor(s) other than PVR may be
required for the conversion. The experimental system de-
scribed here might be a powerful tool to search for such a
possible factor(s).

Recent studies involving cold-adapted poliovirus mutants
(12) have demonstrated that the mutants do not convert to
135S particles at 25°C and that the particle-to-PFU ratio of
poliovirus does not change at 25°C in the absence of the con-
formational alteration. Furthermore, mutation sites that influ-
enced the phenotype were identified in the RNA encoding the
noncapsid protein 2C. The results do not support a model that

a transition to the 135S particle is obligatory for poliovirus
entry into cells. The relationship between virus conformational
change and establishment of infection is not yet clear. Polio-
virus infection may be established by any of several pathways,
such as PVR-mediated fusion resulting in release of the viral
genome into the cell cytoplasm, PVR-mediated endocytosis
followed by uncoating in endosomes, and PVR-independent
penetration and uncoating. Indeed, our preliminary results
suggested that the PVR-independent pathway serves to estab-
lish poliovirus infection (data not shown). All these pathways
may exist together in cultured cells susceptible to poliovirus.
Investigations of individual pathways will give insights into the
molecular mechanisms that drive the early events of poliovirus
infection.
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