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Adsorption of *I-labeled polyoma virions and capsids to the surface of mouse
kidney cells (MKC) and guinea pig erythrocytes was examined. Purified polyoma
capsids lack the ability to compete with polyoma virions for specific binding sites
on the surface of MKC. These same capsids were, however, able to block virion
adsorption to guinea pig erythrocytes. UV-inactivated virions blocked cellular
receptors on MKC and thus inhibited infectious virions from infecting the cells.
Capsids were unable to inhibit virion infection of MKC. Adsorption of polyoma
virions to MKC and infection of these cells were found to be independent of the
ability of the virions to agglutinate guinea pig erythrocytes.

The initial step of infection of permissive or
nonpermissive cells by papovaviruses is the ad-
sorption of the virus to the surface of host cells.
Adsorption of polyoma virions containing viral
DNA, host-contributed histones, and three
structural proteins (VP;, VP,, and VP3) is fol-
lowed by virion penetration of the cell in mono-
pinocytotic vesicles and the deposition of the
virion at the nucleus where uncoating occurs
(10). Adsorption of polyoma capsids devoid of
DNA and histones and containing only the three
structural proteins is followed by phagocytic
engulfment and degradation in cell lysosomes
(10). These findings led us to speculate that
polyoma virions contained a class of receptors
missing in polyoma capsids. However, since both
polyoma virions and capsids can be found in
cellular lysosomes (8, 10), but only virions are
found in the nucleus (10), we thought that per-
haps the nuclear transport of virions might de-
pend on the adsorption of virions to a class of
limited surface receptors to which capsids are
unable to bind efficiently.

Virus to be used in these experiments was
grown in primary mouse kidney cells (16) in
serum-free Dulbecco-modified Eagle medium
(11). Purification of the virions (small plaque)
has been described previously (3, 4, 11). Purifi-
cation of capsids was accomplished by a series
of CsCl velocity gradient centrifugations fol-
lowed by in vitro labeling with '*’I by the method
of Frost and Bourgaux (8, 9) and analysis on
sodium dodecyl sulfate-polyacrylamide gels to
ensure that the preparations were free of his-

1 Contribution no. 79-352-j from the Kansas Agricultural
Experiment Station, Kansas State University.
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tones. Virions labeled in this manner did not
exhibit any loss of biological activity.

Specific polyoma adsorption was taken as the
difference between total binding (‘**I-labeled
polyoma alone) and nonspecific binding (**I-la-
beled polyoma plus a 1,000-fold excess of unla-
beled polyoma). Specific and nonspecific adsorp-
tion of radioactively labeled polyoma virions
reached a maximum in 2 h at 4°C. This optimum
was maintained for at least 5 h at that temper-
ature (Fig. 1A). Adsorption of *I-labeled poly-
oma to mouse kidney cells (MKC) was linearly
related to cell numbers in subconfluent and con-
fluent monolayers (data not shown). In similar
adsorption experiments performed with labeled
polyoma capsids, the total number of counts
bound to cells was virtually identical (Fig. 1B).
However, the amount of non-specifically bound
counts that could not be competed for by excess
unlabeled capsids was increased, compared with
the amount of nonspecific adsorption observed
in the experiment in which polyoma virions were
used. The increased level of nonspecific binding
observed for capsids thereby resulted in a five-
fold decrease in the amount of specifically ad-
sorbed capsids, compared with the specific ad-
sorption of virions. It was found that 7 to 10% of
the input virion population could be adsorbed
specifically at 2 to 3 h, whereas only 1 to 2% of
the input capsid population was adsorbed spe-
cifically. These experiments showed that the
majority of the cell-associated virions were
bound non-specifically and that this type of ad-
sorption reflected the manner by which capsids
primarily associated with the cells. The low level
of specifically adsorbed capsids suggested that
these particles might lack a receptor(s) which
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Fic. 1. Time course of *®I-labeled polyoma virion
and polyoma capsid adsorption to MKC. (A) Con-
fluent monolayers containing 3 X 10° MKC (4°C) were
washed twice with HEPES (N-2-hydroxyethylpiper-
azene-N'-2-ethanesulfonic acid) binding buffer (0.5 M
HEPES [Calbiochem], 8 mM glucose, 1.6 mM bovine
serum albumin, 0.15 M NaCl, 4.9 mM KCI!, and 0.6
mM MgSO,, pH 7.3). Cells were then reacted with 0.1
ml of HEPES binding buffer containing 3 X 10° cpm
(50 to 60 ng of protein) of labeled polyoma virions
with (O) or without (@) a 1,000-fold excess of unla-
beled virions per 35-mm dish. Specific adsorption
(@----- @) was taken as the difference between total
(®) and nonspecific (O) adsorption at the times in-
dicated after virion addition. To determine the cell-
associated counts at a given time, we washed the
monolayers five times with 5 ml of cold phosphate-
buffered saline, pH 7.3. The cells were dissolved in
1% sodium dodecyl sulfate (percent [weight/volume]
in phosphate-buffered saline), and radioactivity was
determined by liquid scintillation spectroscopy. (B)
Duplicate monolayers of MKC were incubated with 3
X 10° cpm (50 to 60 ng of protein) of labeled polyoma
capsids with (O) or without (@) a 1,000-fold excess of
unlabeled polyoma capsids per culture. Specific ad-
sorption (@----- ®) was determined as described
above.

was responsible for the specific adsorption ob-
served with virions.

In most adsorption studies, the hemaggluti-
nation model has been used to examine the
interaction of polyoma virus with its receptors
on host cells (5, 13). Thus, we examined polyoma
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adsorption to guinea pig erythrocytes (GPRBC)
in a manner analogous to the MKC adsorption
studies to determine any differences between
the binding of the virus to erythrocytes and to
cultured MKC. The adsorption of labeled poly-
oma to GPRBC reached a maximum in 20 to 30
min at 4°C (Fig. 2). Agglutination could be ob-
served in the tubes after about 40 min. Treating
the cells with 5 U of neuraminidase decreased
virion adsorption by 50%. At concentrations of
neuraminidase above 20 U, no virion adsorption
above background levels was observed. When
the experiments were repeated with capsids,
identical results were obtained (data not shown).
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Fi6. 2. Time course of ‘*I-labeled polyoma ad-
sorption to neuraminidase-treated GPRBC. The
washed GPRBC (0.75%) were incubated with 5, 20, 30,
50, 100, or 200 U of neuraminidase (Calbiochem) for
2 h at 37°C. The cells were washed and cooled to 4°C,
and 2 X 10° cpm of polyoma virus was added per
tube. At the times indicated, samples of each tube
were withdrawn, and the number of cell-associated
counts was determined. Symbols: @, control, un-
treated cells; A, 5 U of neuraminidase; O, 20 to 200 U
of neuraminidase. (Insert) Adsorption of ‘**I-labeled
polyoma virions and capsids to neuraminidase-
treated MKC. Confluent monolayers were treated
with various concentrations of neuraminidase for 2
h at 37°C before the addition of ‘***I-labeled polyoma
virions (@) or capsids (O). The labeled virion and
capsid preparations were allowed to adsorb for 2 h
at 4°C. The monolayers were then washed, and the
number of cell-associated counts was determined.
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During these experiments, the level of nonspe-
cific adsorption of polyoma virions and capsids
did not differ significantly from that obtained
for total adsorption (data not shown). These
results indicated that no specific adsorption of
polyoma to GPRBC occurred at 4°C, thereby
pointing out a fundamental difference between
the adsorption of the virus to the surface of
erythrocytes and its adsorption to MKC. Mouse
cells have been treated with neuraminidase to
free polyoma virions and capsids from cellular
debris during purification procedures (17). To
determine how pretreating MKC with neura-
minidase would affect the adsorption of poly-
oma, we incubated MKC monolayers with var-
ious concentrations of the enzyme. As shown in
Fig. 2 (insert), adsorption of capsids was more
sensitive to neuraminidase treatment of the cells
than was adsorption of virions. At the highest
concentration tested (50 U of neuraminidase per
plate), virion adsorption was inhibited by 50 to
55%, compared with virus adsorption to un-
treated MKC. The same concentration of neur-
aminidase inhibited capsid adsorption by as
much as 95%. These results suggested that the
level of nonspecific adsorption, which is charac-
teristic of capsid binding, depended on neura-
minidase-sensitive (presumably sialic acid) resi-
dues on the cell surface. In similar experiments,
at concentrations of virions that produced a 27
to 30% infection in untreated MKC when as-
sessed by positive nuclear immunofluorescence
at 48 h postinfection, neuraminidase-treated
cells (50 to 100 U) yielded a 10 to 16% infection
level.

Since the experiments described above (Fig.
1 and 2) suggested that the adsorption of capsids
to MKC might be different from the adsorption
of virions, experiments were designed to deter-
mine whether polyoma adsorption to MKC
could be inhibited by capsids or virions. The
binding of '*I-labeled polyoma was competi-
tively inhibited by unlabeled virions, but not by
unlabeled capsids (Fig. 3). When the unlabeled
virions or capsids were allowed to adsorb to the
MKC before radioactive polyoma was added,
binding of the labeled virus could be 97% in-
hibited by unlabeled virions and 40% inhibited
by unlabeled capsids. These adsorption experi-
ments indicated that, indeed, capsids could not
efficiently block virion binding and that the cap-
sids might be deficient in receptors responsible
for the specific adsorption of virions to cellular
receptors. In similar experiments conducted
with GPRBC, capsids were found to completely
block virion adsorption (data not shown). Such
results are consistent with the concept that vir-
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Fi6. 3. Adsorption inhibition and competitive in-
hibition of *I-labeled polyoma virions to MKC by
unlabeled virions and capsids. Adsorption inhibition
assays were performed as described in the legend to
Fig. 1 except that before the 2-h adsorption period for
1 hemagglutinating (HA) unit of '*I-labeled virions,
the MKC monolayers were incubated with various
concentrations of unlabeled virions (®--- - - ®) or cap-
sids (@——@) for 2 h and washed five times with cold
Dphosphate-buffered saline to remove the unbound,
unlabeled virions and capsids. Competitive adsorp-
tion assays were performed by adding 1 HA unit of
5] labeled virions to various concentrations of un-
labeled virions (O-----O) or capsids (O——O) and
allowing them to mix for 15 min before the addition
of the mixture to the MKC monolayers. Adsorption
was allowed to proceed for 2 h; the cells were washed
with phosphate-buffered saline, and the number of
cell-associated counts was determined.

ions and capsids share the same surface recep-
tors on GPRBC.

To ensure that the adsorption inhibition ex-
periments were reflecting the biological situa-
tion, experiments were designed to assay the
biological nature of the specific binding experi-
ments and to determine whether such binding
related to the ability of polyoma to infect cells.
During these experiments, instead of determin-
ing the amount of virus adsorbed to the cells
after the adsorption period, we added medium
to the cells and allowed the infection to proceed
for 48 h. The success of polyoma infection was
then determined by an immunofluorescent as-
say, which was quantitated by counting multiple
fields of cells and determining the number of
positive fluorescent nuclei. Because the presence
of virions was required to conduct these experi-
ments and because such virions would also result
in the production of fluorescent nuclei, we tried
to eliminate the infective ability of the virions
by exposing them to UV light. When polyoma
virions (1 ml) were placed 12 in. (ca. 30.48 cm)
from the UV source as described by Defendi et
al. (6), 4 min of irradiation resulted in producing
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a population of polyoma virions which would
not yield positive nuclear fluorescence, but
would nevertheless inhibit non-irradiated poly-
oma virions from infecting the cells. These UV-
irradiated virions were adjusted to the same
concentration as purified capsids, and various
dilutions of the irradiated virions or capsids were
allowed to adsorb to MKC at 4°C for 1 h. The
monolayers were washed, and untreated poly-
oma virions were then added and allowed to
adsorb for 1 h at 4°C. The cells were again
washed, medium was added, and infection was
allowed to proceed for 48 h at 37°C. The indirect
fluorescent-antibody assay was then performed,
and the number of positive fluorescent nuclei
was determined and used as an index of success-
ful infection. Figure 4 shows that the addition of
excess capsids (1,000-fold excess over the un-
treated polyoma) inhibited about 30% the num-
ber of positive fluorescent nuclei as observed in
control polyoma-infected cultures. A 10-fold di-
lution of capsids resulted in only a 5% reduction
in the number of infected cells. Further capsid
dilutions were incapable of preventing polyoma
infection of the cells even though the added
capsids were more concentrated than the virions.
Polyoma infection, however, could be efficiently
inhibited by the virions UV irradiated for 4 min.
At the point (10' hemagglutinating units) at
which capsids could not inhibit polyoma infec-
tion, the same concentration of UV-irradiated
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Fi1G. 4. Effect of capsid and UV-irradiated virion
adsorption on polyoma virus infection of MKC. Cap-
sids (@) and virions UV irradiated for 4 min (O) were
adjusted to the same concentration, and dilutions of
each were adsorbed to MKC for 1 h at 4°C. The
cultures were washed, and 1 hemagglutinating (HA)
unit of non-irradiated polyoma virus was added and
allowed to adsorb for 1 h. The dishes were washed,
and infection was allowed to proceed for 48 h. The
number of infected cells was then determined by
indirect immunofluorescence as described previously
(12).
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virions inhibited greater than 90% the extent of
polyoma infectivity. These experiments, which
demonstrate that capsids do not block specific
virion receptors on MKC membranes which are
responsible for successful polyoma infection,
substantiate the adsorption inhibition and com-
petitive-binding data shown in Fig. 3.

The results presented here suggest that poly-
oma virus is bound to the surface of mouse cells
in at least two different manners. The first and
most abundant manner is the nonspecific (non-
infective) attachment of virus particles to the
numerous sialic acid residues on the cell surface.
The nonspecific type of adsorption reflects pri-
marily the binding properties associated with
capsids and may relate directly to the ability of
capsids and virions to adsorb to and agglutinate
certain types of erythrocytes. This model pre-
dicts that capsids might lack a protein respon-
sible for the specific binding of the virus to the
cell. Since sodium dodecyl sulfate-polyacryl-
amide gels of the pure capsids revealed a total
lack of histones, it could be hypothesized that
this group of basic proteins might play an im-
portant role in the specific binding of the virus
to its cellular receptor. Similar concepts have
been reported previously (9, 10, 12). However, it
is possible that empty capsids lack a protein
modification(s) which is present on virions and
which acts as a receptor. Such a protein could
be a variety of subspecies of major capsid pro-
teins that cannot be resolved by conventional
sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (7, 14, 15).

The second type of adsorption by which pol-
yoma can be bound to cells is the specific at-
tachment of the virus to its cell receptor. This
type of binding represents about 10% of the
input virus. Specific (infective) adsorption of
polyoma to the cell surface is independent of the
ability of the virions to agglutinate GPRBC.
Additional evidence for this concept has been
obtained in our laboratory by using a polyoma
mutant (Py 235) which has lost its ability to
agglutinate GPRBC (4°C, pH 7.3) (2). Under
these same conditions, Py 235 virions were found
to specifically adsorb to MKC at levels similar
to that of wild-type polyoma, whereas the levels
of nonspecific adsorption were reduced by 50%
(unpublished data). The specific binding of pol-
yoma to its cell receptor(s) could thus result in
the formation of specific monopinocytotic vesi-
cles which surround the virus and transport it to
the nuclear membrane. Because both polyoma
and simian virus 40 can be found in the perinu-
clear region as soon as 10 min after adsorption
(1, 10), such a nuclear transport system must be
viewed as highly efficient. Furthermore, the
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amount of virus found associated with the nu-
cleus soon after infection parallels closely the
level of specific binding observed. Such results
support the concept of an efficient cell surface-
to-nucleus transport of virions that have at-
tached to their specific cell receptors which
themselves function as the nuclear transport
factors.

The information obtained from the adsorption
experiments presented here provides the basis
for a more detailed understanding of the bio-
physical and biochemical nature of the polyoma
virus-associated receptor protein(s) and the cell-
associated receptor components which are re-
sponsible for successful polyoma infection. Such
studies are currently in progress.

This investigation was supported by Public Health Service
grant CA-07139 from the National Cancer Institute. J.B.B.
was supported by a postdoctoral fellowship through grant HD-
00422 from the National Institutes of Health. RA.C. is a
Senior Scientist with the Mid America Cancer Center Pro-
gram.

We express our appreciation to Diane Potts and Viola Hill
for their excellent technical assistance and to Dana Custer for
help in preparation of this manuscript. We also thank G.
DiMayorca for the Py 235 mutant and T. C. Johnson and G.
L. Smith for their helpful discussions.

LITERATURE CITED

1. Barbanti-Brodano, G., P. Swetly, and H. Koprowski.
1970. Early events in the infection of permissive cells
with simian virus 40: adsorption, penetration, and un-
coating. J. Virol. 6:78-86.

2. Basilico, C., and G. DiMayorca. 1974. Mutant of poly-
oma virus with impaired adsorption to BHK cells. J.
Virol. 13:931-934.

3. Brady, J. N, V. D. Winston, and R. A. Consigli. 1977.
Dissociation of polyoma virus by the chelation of cal-
cium ions found associated with purified virions. J.
Virol. 23:717-724.

4. Brady, J. N,, V. D. Winston, and R. A. Consigli. 1978.
Characterization of a DNA-protein complex and cap-

10.

11.

12.

13.

14.

15.

16.

17.

NOTES 683

somers subunits derived from polyoma virus by treat-
ment with ethyleneglycol-bis-N,N'-tetraacetic acid and
dithiothreitol. J. Virol. 27:193-204.

. Crawford, L. V. 1962. The adsorption of polyoma virus.

Virology 18:177-181.

. Defendi, V., F. Jensen, and G. Sauer. 1967. Analysis of

some viral functions related to neoplastic transforma-
tion, p. 645-663. In J. S. Colter and W. Paranchyck
(ed.), The molecular biology of viruses. Academic Press
Inc., New York.

. Friedmann, T. 1976. Structural proteins of polyoma vi-

rus: proteolytic degradation of virion proteins by exog-
enous and by virion yciated prot J. Virol. 20:
520-526.

. Frost, E.,, and P. Bourgaux. 1975. Decapsidation of

polyoma virus: identification of subviral species. Virol-
ogy 68:245-255.

. Frost, E., and P. Bourgaux. 1978. Structures of polyoma

virus: on the histone component and virion core. Virol-
ogy 39:103-111.

Mackay, R. L., and R. A. Consigli. 1976. Early events
in polyoma virus infection: attachment, penetration,
and nuclear entry. J. Virol. 19:620-636.

McMillen, J., M. S. Center, and R. A. Consigli. 1976.
Origin of the polyoma virus-associated endonuclease. J.
Virol. 17:127-131.

McMillen, J., and R. A. Consigli. 1977. Immunological
reactivity of antisera to sodium dodecyl sulfate-derived
polypeptides of polyoma virions. J. Virol. 21:1113-1120.

Mori, R., J. H. Schieble, and W. W. Ackerman. 1962.
Reaction of polyoma and influenza viruses with recep-
tors of erythrocytes and host cells. Proc. Soc. Exp. Biol.
Med. 109:685-690.

O’Farrell, P. Z., and H. M. Goodman. 1976. Resolution
of simian virus 40 proteins in whole cell extracts by two-
dimensional electrophoresis: heterogeneity of the major
capsid protein. Cell 9:289-298.

Ponder, B. A. J., A. K. Robbins, and L. V. Crawford.
1977. Phosphorylation of polyoma and SV40 proteins.
J. Gen. Virol. 37:75-83.

Smith, G. L., and R. A. Consigli. 1972. Transient inhi-
bition of polyoma virus synthesis by Sendai virus (par-
ainfluenza I). I. Demonstration and nature of the inhi-
bition by inactivated virus. J. Virol. 10:1091-1097.

Tooze, J. 1973. The molecular biology of tumor viruses.
Cold Spring Harbor Laboratory, Cold Spring Harbor,
NY.



