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The plaque-assay technique was used as a tool to determine the optimal
conditions for adsorption of polyoma virions to host cells. Using these optimal
conditions of adsorption, an electron microscopy study of the early events of
infection was performed. By electron microscopy and autoradiography, it was
demonstrated that both the viral coat proteins and DNA arrive simultaneously
in the nucleus as early as 15 min postinfection. When horseradish peroxidase-
labeled virions, pseudovirions, and capsids were used to infect cells, only the
particles with nucleic acid or a factor(s) associated with the nucleic acid, i.e.,
histones, appeared to enter the nucleus. Moreover, when virions were used to
infect either permissive or nonpermissive cells, identical early events of viral
infection, i.e., adsorption, penetration, and nuclear transport, were observed,
suggesting that these early events of infection are a property of the virion and
not the host cell.

The early events of viral infection, from the
time of viral attachment to the cellular receptor
site to the time of viral DNA replication, can be
broadly divided into two stages. The first stage
are those events related to the interaction of the
viral particles with the host cell, i.e., attach-
ment, penetration, and uncoating (3, 10, 30).
The second stage are those events related to the
decoding of the viral genetic information, i.e.,
transcription and translation, and possible de-
repression of certain host regulatory systems
resulting in subsequent modification of cellular
or viral constituents (45). Although there is a
wealth of information about polyoma virus-spe-
cific DNA, RNA, and protein synthesis in both
permissive and nonpermissive host cells (42),
very little is actually known about the early
events of attachment, penetration, and uncoat-
ing in relation to the role that they play in
determining whether a permissive or nonper-
missive infection will result.
Polyoma virus can interact with cells in two

distinct ways. The first interaction, a produc-
tive infection, results when the virus replicates
in the cell nucleus, forming progeny virus par-
ticles, and subsequently kills the host cell (7,
35). Secondly, a nonproductive interaction can
occur in which progeny virus are not produced
and the host cells survive and acquire new
properties like malignant cells (29, 36, 40, 44).
Whether a cell undergoes a productive or non-

' Contribution no. 1272-J, Kansas Agricultural Experi-
ment Station, Kansas State University.

productive infection largely depends on the spe-
cies of cells being infected. For example, mouse
cells primarily undergo a productive or lytic
infection, although they are capable of un-
dergoing transformation at a low frequency.
Rat or hamster cells, on the other hand, un-
dergo transformation with a much higher fre-
quency. Thus, although both productive and
nonproductive responses may occur in cells of a
given species, the response at the cellular level
is mutually exclusive, i.e., the virus either rep-
licates in or transforms the host cell (1).
The morphological aspects of the uptake of

polyoma virus in cells are well documented (10,
30). However, the subsequent events, i.e., the
site and mode of viral uncoating, have yet to be
determined. Light (18) and electron (E. de-
Harven, E. Borenfreund, and A. Bendich, Fed.
Proc. 24:309, 1965) microscopy autoradiography
studies suggest that the virion coat proteins are
removed in the cytoplasm and only the viral
genome enters the nucleus. Direct electron mi-
croscopy visualization of the virus suggests that
the virus uncoats between the nuclear mem-
branes (30), whereas biochemical fractionation
studies (3) suggest that it reaches the nucleus
intact, implying that uncoating occurs within
the nucleus. These early studies, however,
were performed at a time before there was an
awareness of the defective and pseudovirion
subpopulations of polyoma virus and with the
use of suboptimal conditions of infection, which
could have obscured the fate of the infecting
virions. To overcome these difficulties, the
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present study was undertaken to determine op-
timal conditions of viral adsorption. Using
these optimal conditions, purified polyoma vi-
rus subpopulations, virions, pseudovirions, and
capsids, along with various ultrastructural
tracers, were used to localize the virus during
the early events of infection in both permissive
and nonpermissive host cells.
(A preliminary report of this work was pre-

sented at the 75th annual meeting of the Amer-
ican Society for Microbiology, New York, N.Y.,
1975.)

MATERIALS AND METHODS

Virus, cells, and media. Wild-type (large and
small plaque) polyoma virus was originally obtained
from Sarah Stewart, National Institutes of Health.
Cells were obtained as follows: BALB/3T3 (Walter
Eckhart, The Salk Institute), Py-3T3 (non-virus pro-
ducing, Howard Green, New York University
School of Medicine), BHK-21 (ATCC no. CCL-10),
Py-BHK (non-virus producing, Claudio Basilico,
New York University School of Medicine), and pri-
mary mouse embryo and primary baby mouse kid-
ney cells from our own colony (COBS, CD-1, Charles
River Mouse Farms). The growth and maintenance
of primary mouse embryo cultures have been de-
scribed previously (19). Primary baby mouse kid-
ney, BALB/3T3, BHK-21, and Py-BHK were all
propagated in Dulbecco modified Eagle medium
(DME; GIBCO) supplemented with 10% heat-inacti-
vated fetal calf serum.

Propagation of polyoma virus. Polyoma virus
stocks were enriched in infectious virus by plaque
isolation followed by two successive passages
through newborn mice. Enriched stocks were main-
tained by passage at low multiplicity (less than 10
PFU/cell) on primary mouse kidney cells. Primary
mouse kidney cells were grown in roller bottles in
DME buffered with 40 mM HEPES buffer (Calbi-
ochem) (38). Heat-inactivated fetal calf serum (10%)
was added to the medium for cell growth but was
absent for virus production. The virus was har-
vested at approximately 72 h after infection and
purified as described below.

Preparation of radioisotopically labeled virus.
Infected primary baby mouse kidney cultures were
maintained in serum-free DME containing 20 ,Ci of
[3H]thymidine per ml of medium (ICN, 83.8 Ci/
mmol) plus 8 ,MCi of [3H]deoxycytidine per ml of
medium (Schwarz/Mann, 25 Ci/mmol) to label the
viral DNA. Other infected cultures maintained in
DME containing 10% concentration of amino acids
with 10 ,Ci of 3H-labeled reconstituted protein hy-
drolysate per ml of media (Schwarz/Mann) were
used to label the virion coat proteins. The virus was
harvested at approximately 72 h after infection and
purified.

Purification of polyoma virus. The purification of
polyoma virus has been described previously (R.
Consigli, J. Zabielski, and R. Weil, submitted for
publication) and modified as follows. The infected
cell lysate was centrifuged at 10,000 x g for 30 min.

Virus remaining in the supernate was concentrated
with polyethylene glycol as described by Friedmann
and Haas (12). The pellet was suspended in Tris
buffer (0.01 M, pH 7.4) and dispersed with a Sorvall
Omnimixer. Receptor-destroying enzyme (Microbio-
logical Associates) was added to 50 units/ml and the
mixture was stirred at 37°C for 4 h. A sodium deoxy-
cholate solution (0.5% DOC-0.1 M Tris buffer, pH
9.5) was added, and the mixture was stirred over-
night at 40C. Cellular debris was removed and ex-
tracted with Freon 113 (DuPont) according to Gir-
ardi (14), and the aqueous phases were pooled with
the other cell-free viral supernates. The combined
supernates were layered over 4 ml of 20% sucrose
and centrifuged in a Spinco SW27 rotor at 25,000
rpm for 3 h. The pelleted virus was suspended in a
minimal volume of Tris buffer (0.01 M, pH 7.4),
layered over a preformed CsCl gradient (1.25 to 1.35
g/cm3), and centrifuged to equilibrium in an SW50.1
rotor at 35,000 rpm for 16 h. Two discrete virus
bands were observed; complete virus (bouyant den-
sity, 1.32 to 1.33 g/cm3) and capsids (bouyant den-
sity, 1.28 to 1.29 g/cm3). They were individually
collected and dialyzed against Tris buffer (0.01 M,
pH 7.4). The respective preparations were layered
over a preformed velocity CsCl gradient (1.27 to 1.35
g/cm3) and centrifuged in an SW50.1 rotor at 35,000
rpm for 2.5 h. Gradients were fractionated, and the
appropriate fractions of virions, light pseudovirions,
and capsids were respectively pooled and dialyzed
first against Tris buffer (0.01 M, pH 7.4) and then
against Puck saline G (PSG) (34).

Determination of optimal conditions of viral ad-
sorption. The optimal conditions for virion adsorp-
tion were determined using the plaque assay tech-
nique (6). A polyoma virus stock was diluted to yield
50 to 60 plaques per 60-mm culture dish of primary
mouse embryo fibroblasts.
To determine the optimal temperature of viral

adsorption, cells and virus dilutions were equili-
brated at various temperatures over a range from
4°C to 40°C for 20 min prior to infection. The virus
was allowed to adsorb for 3 h at the respective tem-
perature, unadsorbed virus was removed, the cells
were washed twice at the respective temperature
with PSG, and plaque medium was added.
The optimum pH of viral adsorption was deter-

mined by equilibrating cells for 20 min prior to
infection in DME media at 37°C buffered with Tris-
acetate buffer (0.026 M) over the pH range of 6.0 to
8.5. Virus stock was diluted in the respective pH
media and allowed to adsorb for 3 h, unadsorbed
virus was removed, the cultures were washed with
DME of the respective pH, and plaque medium was
added.
The optimal time of virus adsorption was deter-

mined by infecting cells at 36°C and pH 7.4, unad-
sorbed virus was removed at various intervals, cul-
tures were washed with PSG, and plaque media
were added at various times postinfection.
The integrity (susceptibility to nuclease) of the

virion crossing the cell membrane was determined
by plaquing in the presence of either pancreatic
DNase (200 ,g/ml; Calbiochem) with 10-3 M MgCl2
or snake venom phosphodiesterase (160 gg/ml;
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Worthington) with 10-3 M MgCl2 or in the presence
of both enzymes. Activity of the commercial enzyme
was confirmed using radioactively labeled bacterio-
phage T7 DNA (a gift of Melvin S. Center) as a
substrate.

Preparation of horseradish peroxidase-labeled
antibodies to polyoma virus structural proteins.
Antibodies to various purified polyoma virus pro-
teins were prepared as follows. Purified polyoma
virions were disrupted by boiling for 5 min in so-
dium dodecyl sulfate (SDS) (2%) and 2-mercaptoeth-
anol (5%). Viral capsomeres were prepared as de-
scribed previously (R. Consigli, J. Zabielski, and R.
Weil, submitted for publication) using carbonate-
bicarbonate buffer (0.1 M, pH 10.5) at 250C for 60
min followed by the addition of dithiothreitol (5 x
10-3 M), EDTA (10-3 M), and NaCl (0.2 M) for an
additional 1 h. Antibodies to polyoma virions, capso-
meres, and SDS-disrupted virions were prepared in
rabbits.
The monovalent Fab' antibody fragments were

isolated from whole serum according to the method
of Madsen and Rodkey (J. Immunol. Methods, in
press) using a column of LKB AcA 34 Ultrogel.
Antibody protein determinations were performed
according to Steiner and Lowey (39). Horseradish
peroxidase (type VI) was conjugated to antibody
fragments by the method of Nakane and Kawaoi
(33).

Radioimmunoprecipitation of virus particles re-
isolated from infected cells. Confluent monolayers
of primary baby mouse kidney cells were infected
with purified 3H-amino acid-labeled polyoma viri-
ons. One group of cells was infected at 40C to allow
attachment but not penetration, and another was
infected at 37°C to allow both attachment and pene-
tration. After 3 h, unadsorbed virus was removed,
and virus particles that had attached but not pene-
trated were removed by treating the cells with re-
ceptor-destroying enzyme (100 units/ml) and high
pH (Tris buffer, 0.1 M, pH 9.5) for 1 h. Unlabeled
carrier virus was added to each preparation, and the
virus was purified from both the 40C and 370C cul-
tures as described above, except that both the Freon
113 and sodium deoxycholate extraction steps were
omitted. After equilibrium CsCl gradient centrifu-
gation, fractions were collected and assayed for both
radioactivity and hemagglutination activity. The
bouyant density of the peak fractions was deter-
mined and compared to the stock purified control
polyoma virus. Appropriate fractions were then
pooled and dialyzed against Tris buffer (0.01 M, pH
7.4) and examined by negative-stain electron mi-
croscopy. Indirect radioimmunoprecipitation was
performed on the 4°C and 37°C reisolated virus and
control virus according to the procedure of Horwitz
and Scharff (16). The immunoglobulin G fraction of
rabbit antipolyoma virion antiserum was purified
from whole serum by the technique of Kekwick (17)
followed by chromatography on DEAE-cellulose ac-
cording to Levy and Sober (22). The optimal propor-
tion of both the rabbit antipolyoma virus immuno-
globulin G and the virion protein were first deter-
mined, and then the assay was performed on the
respective 3H-labeled virus samples, each contain-
ing 10 Ag of viral protein.

Electron microscopy techniques. For thin-section
electron microscopy studies, cells were washed twice
with PSG and infected with saturating concentra-
tions (1,000 to 5,000 PFU/cell) of purified virus in a
minimal volume to enhance virus-cell contact. Virus
was allowed to adsorb with occasional redistribution
of the inoculum. Unadsorbed virus was removed,
monolayers were washed with PSG, and medium
was added. Cells were harvested at the appropriate
times by washing once with PSG and fixed at 4°C for
1 h in 3% glutaraldehyde in cacodylate buffer (0.05
M, pH 7.4). The fixed cells were washed with PSG,
scraped from the dish with a rubber wedge, and
gently pelleted and postfixed in 1% osmium tetrox-
ide in the phosphate buffer of Millonig (31). The
fixed cells were embedded in Epon 812 according to
the procedure of Luft (25), and ultrathin sections
were cut with a diamond knife (DuPont) using an
LKB Ultratome III microtome.

For electron microscopy autoradiography studies,
3H-DNA-labeled polyoma virions and 3H-coat pro-
tein-labeled virions were each used to infect a set of
primary baby mouse kidney cultures. Unadsorbed
virus was removed at 3 h postinfection, and fresh
DME medium was added. At appropriate times after
infection, cultures were fixed and embedded as
above. Autoradiography was performed by the
method of Kopriwa (21) using Ilford L-4 emulsion.
For grain localization and distribution studies, the
radioautographs were developed using the chemical
developer D-19b (21). For fine-grain development,
high-resolution studies, gold latensification in con-
junction with the Agfa-Gevaert physical developer
of Kopriwa (21) was used.

For the enzyme-labeled antibody studies, cells
were fixed with 1% formaldehyde in phosphate
buffer (0.05 M, pH 7.4) with 4% sucrose. The fixed
cells were washed with PSG, equilibrated by the
freezing media of Nakane (32), and then rapidly
frozen, thawed, and washed, and the appropriate
enzyme-labeled antibody conjugate was added. The
electron-dense deposit was developed with 3,3'-dia-
minobenzidine (Sigma) by the procedure of Graham
and Karnovsky (15), and the cells were postfixed
and embedded as above.

All specimens were examined and photographed
in a Phillips 201 electron microscope, the magnifica-
tion of which was calibrated with a carbon grating
replica having 2,160 lines/mm (Fullam).

Preparation of horseradish perioxidase-labeled
polyoma virus. For enzyme-labeled virus studies,
purified polyoma virus was conjugated to horserad-
ish peroxidase (type VI) (Sigma) using the tech-
nique of Nakane and Kawaoi (33). Plaque assays
demonstrated a reduction of only 1 log of infectivity
in virions that were conjugated to the enzyme. After
conjugation the virus was separated into complete,
pseudovirion, and capsids using the velocity CsCl
gradients described earlier. Cells infected with
these preparations were fixed with glutaraldehyde
and washed with PSG, the electron-dense tracer was
developed, and the cells were washed, postfixed, and
embedded as above.

Quantitative assays. Radioactivity was quanti-
tated in an aqueous toluene-based scintillation fluid
(toluene-Triton X-100, 3:1) using a Beckman LS-233
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liquid scintillation counter. Bouyant densities were

determined with a Bausch & Lomb refractometer
using the equation of Vinograd and Hearst (43).
Hemagglutination techniques have been described
previously (6). Protein determinations were by the
method of Lowry et al. (24) using bovine serum

albumin as the standard.

RESULTS
Optimal conditions of viral adsorption. The

optimal conditions of viral adsorption are

shown in Fig. 1. The optimal temperature of
viral adsorption was found to be 37°C. Adsorp-
tion at 4°C, which resulted in attachment but
not penetration, allowed approximately 90% of
the virions to adsorb at 4°C when compared to
37°C (Fig. 1A). The optimal pH of viral adsorp-
tion (Fig. 1B) was pH 7.4, and the optimal time
of viral adsorption (Fig. 1C) in PSG was 3 h.
Fifty percent of the input virus was adsorbed in
the initial 30 min of infection.

Preliminary experiments demonstrated that
there is a Na+ ion requirement for viral adsorp-
tion. Once the ion requirements were deter-
mined, the nutritional requirements of cells
undergoing viral adsorption were examined.
The data demonstrated that the nutritional re-
quirements during the first 3 h of viral adsorp-
tion were not very stringent. After 3 h of viral
adsorption, however, significant nutrient re-

quirements were needed (data not shown). Con-
sequently, for electron microscopy studies,
Puck saline G, a buffer specifically designed for
use with tissue-cultured cells (39), was used as
the adsorption medium.

Electron microscopy autoradiography. Fig-
ures 2 (chemical development) and 3 (physical
development) clearly demonstrate that the in-
fecting virion DNA and coat proteins arrived
simultaneously in the nucleus, as early as 15
min postinfection. Chemical development with
D-19b produces large autoradiography grains
but gives maximal sensitivity. Even under
these low-resolution conditions where the half-
distance for Ilford L-4 emulsion is reported to be
160 nm (37), both the 3H-labeled viral DNA and
3H-labeled viral coat protein-labeled virions
produced grains that are clearly within the nu-

cleus. Moreover, when the half-distance was

decreased by using the high-resolution physical
developer of somewhat lower sensitivity, the
grains were again observed in the nucleus.
The distribution of grains in thin-sectioned

cells with respect to time of infection is shown
in Table 1. In both the 3H-virion DNA-labeled
and 3H-virion-labeled coat protein infected
cells, the total number of grains increased with
time of adsorption and then plateaued at 3 h
postinfection, when the inoculum was removed
and replaced with media. Parallel grain distri-

bution percentages with time were obtained
with both radioisotopically labeled DNA and
coat protein preparations, again suggesting
that both components arrive simultaneously in
the nucleus for subsequent uncoating.
The distribution of the labeled virions in the

cell changed remarkably with time. Although
grains were localized in the nucleus as early as

15 min postinfection, the majority of the grains,
i.e., virus particles, were localized at the cell
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FIG. 2. Electron microscopy autoradiography of thin-sectioned primary baby mouse kidney cells at 15 min
postinfection using 3H-labeled polyoma virions. Plates were developed for maximal grain sensitivity with a
chemical D-19b developer. (A) 3H-DNA-labeled virions; (B) WH-amino acid-labeled virions. Non-grain-
producing virus can also be seen (arrows). The designations Nu for nucleus and Cy for cytoplasm are used in
this and subsequent micrographs. x37,750.
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FIG. 3. Electron microscopy autoradiography of thin-sectioned primary baby mouse kidney cells at 15 min
postinfection using 3H-labeledpolyoma virions. Developed for high resolution with the physical developer. (A)
3H-DNA-labeled virions; (B) 3H-amino acid-labeled virions. Arrows point to non-grain-producing virions.
x37,750.
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626 MACKAY AND CONSIGLI

TABLE 1. Autoradiography of 3H-labeled virion DNA and coat protein infected cells

Total grains counted (%) over:

Time post- Total grains Maximal Nncl
infection (h) counteda grains ad- Cell sur- Cyto- Perinu- Nucleus associ-

face plasm clear atedb

Radioactively 0.25 238 26 44.96 46.22 5.46 2.10 1.26
labeled vir- 1 400 44 32.00 51.00 7.25 8.75 1.00
ion DNA 3 949 100 16.54 57.43 9.27 16.12 0.65

6 910 100 9.45 49.01 13.96 26.70 0.88
10 896 100 5.36 33.92 19.98 40.18 0.56

Radioactively 0.25 97 33 47.42 41.24 8.25 3.09 0.00
labeled vir- 1 149 51 33.55 44.97 9.40 11.41 0.67
ion coat 3 308 100 13.96 58.77 10.39 15.58 1.29
proteins 6 299 100 8.03 50.84 14.38 25.75 1.00

10 282 100 7.45 31.21 21.99 37.94 1.41
a Total grains counted over 25 randomly selected cells.
b Noncellular associated or background grains.

surface at this early time. By 1 h postinfection,
the distribution of virus at the cell surface was
decreasing, whereas that in the cytoplasm was
increasing, suggesting that the majority of the
virus was migrating into the cytoplasm. The
proportion of virus in the nucleus was also in-
creasing at this time. By 3 h postinfection, the
uptake of virus plateaus and the proportion of
virus in the cytoplasm reached a maximum and
then began to decrease, concomitant with an
increase in grains in the nucleus. Grains were
observed to accumulate with time, at the same
percentage level, in the nucleus of infected cells
in both the DNA and coat protein-labeled viri-
ons. Non-cell-associated or background grains
observed remained at a small (less than 1%)
and relatively constant percentage (Table 1).

Electron microscopy of viral attachment,
penetration, and uncoating. Since autoradiog-
raphy studies demonstrated that the virion
DNA and coat proteins arrive simultaneously
in the nucleus as early as 15 min under opti-
mum conditions of adsorption, attempts were
made to directly visualize these events in the
electron microscope.

Figure 4 demonstrates the sequence ofevents
of polyoma virion attachment, penetration, and
transport to the nucleus. Attachment studies at
4°C demonstrated that virus particles were able
to attach but not penetrate the cell under these
conditions. Infection of cells at 4°C, using satu-
rating concentrations of virions, demonstrated
that the entire surface of the cell can be covered
with virus particles. This suggests that the cel-
lular receptor sites are evenly distributed over
the surface and are not relegated to one particu-
lar area of the cell surface (data not shown). At
4°C virus particles were observed to undergo
either a loose (Fig. 4A) or a tight (Fig. 4B)
interaction with the cellular receptor site.

Virus particles that were allowed to adsorb at
37°C underwent both attachment and penetra-
tion. Figure 4C shows a group of virus particles
that appear to be attached very tightly to the
cell surface, and the membrane appears to be
slightly depressed beneath the virus particle.
Thus the final stage of attachment may be an
undulation of the membrane, which acts as a
signal for penetration to begin.

Penetration of virus particles across the cell
membrane was observed to occur in two forms.
In the first form virus particles with electron-
dense cores (containing DNA) were observed to
enter the cytoplasm in monopinocytotic vesi-
cles. Next, the cell membrane appeared to
tightly surround the virus particle and engulf it
into the cytoplasm, pinching it off from the cell
membrane and forming a monopinocytotic vesi-
cle. The events ofpenetration by monopinocyto-
sis are shown in Fig. 4D and E. The monopino-
cytotic vesicle appears to migrate specifically
towards the outer nuclear membrane. Al-
though attachment and penetration can occur
in areas of microfilaments and microtubules,
these structures do not appear to be involved in
the transport of the virus particle to the outer
nuclear membrane (data not shown). Virus
particles were next observed in the nucleus
devoid of a membrane. The actual mechanism
of passage through the nuclear membrane is
obscure. It is possible that the membrane
around the virion fused with the outer nuclear
membrane at a site other than the nuclear pore
complex, and only the virions proceeded into
the nucleus (Fig. 4F). Virus particles were not
observed to accumulate in the nucleus and thus
are presumed to be rapidly uncoated.
The second form of penetration was one in

which virus particles with transparent cores
(devoid of DNA) were observed to enter the

J. VIROL.
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FIG. 4. Attachment, penetration, and nuclear transport sequence ofpolyoma virions. (A) Loose interaction
of virion (arrow) with a cellular receptor site; (B) tight interaction of virion (arrow) with the cellular receptor
site; (C) tight interaction of virions (arrows) with the cellular receptor site; (D) penetration of virions (arrows)
into monopinocytotic vesicles; (E) migration of virion in monopinocytotic vesicle (arrow) towards the outer
nuclear membrane; (F) intact virions (arrows) in the nucleus. x88,850.

'Cv .. ..

,;. , <
,

: /r
.^ ,: o.X - - v

- ;t !. , 4 ' .
f s H. e, :

,: ^ ^:

s

I i f

VOL. 19, 1976



628 MACKAY AND CONSIGLI

cytoplasm in large membrane-enclosed groups
much like phagocytotic vesicles. A few virus
particles with dense cores were fortuitously
trapped within these phagocytotic vesicles.
However, these vesicles did not appear to mi-
grate specifically to the outer nuclear mem-
brane nor did their contents appear to enter the
nucleus. At no time during these studies were
virus particles with electron transparent cores
observed either in monopinocytotic vesicles or
within the nucleus.

Effect of nucleases on viral infectivity. Ex-
periments were also performed to determine if
virion attachment and penetration altered the
integrity of the infecting virion. Table 2 demon-
strates the effect ofboth exo- and endonucleases
on viral infectivity. The data suggests that the
virion does not become susceptible to nucleases
as a result of attachment or the process of pene-
tration. Although it may be argued that the
infectious virus particle crossed the cell mem-
brane before nucleases had time to act, parallel
experiments performed at 4°C, which should
allow the enzyme to bind to virions attached to
the cell surface and then act when the culture is
subsequently warmed to 37°C, gave similar re-
sults. This indicates that the interaction of the
virion with the cellular receptor site does not
alter the integrity of virions, since they are not
susceptible to exogenous nucleases.
Fate of virion, pseudovirion, and capsids in

permissive cells. Since two mechanisms of
viral penetration appear to be operative with
polyoma virus, it was necessary to differentiate
which mechanism of penetration the virions,
pseudovirions, and capsids each employ during
infection. Preliminary experiments using
highly purified virions and capsids demon-
strated sharp differences. Virions were ob-
served to penetrate by monopinocytosis, and
capsids entered the cell in phagocytotic vesi-
cles. To facilitate virion localization, the en-
zyme horseradish peroxidase was covalently
conjugated to the virus particles prior to infec-
tion, and the electron-dense tracer was subse-
quently developed. The results using virions,
pseudovirions, and capsids labeled with the en-
zyme as a tracer are shown in Fig. 5.
Polyoma capsids penetrated the cell in phag-

ocytotic vesicles (Fig. 5A). The complete virions
(Fig. 5B) were observed to enter the cytoplasm
by monopinocytosis and then migrate to the
outer nuclear membrane and enter the nucleus.
These observations are in agreement with the
results using direct visualization of the virus
(Fig. 4F).
The penetration of pseudovirions (Fig. 5C)

proved to be a combination of entry in monopi-

nocytotic and phagocytotic vesicles. These re-
sults were expected, since the pseudovirions
were obtained by pooling fractions from the
light side of the virion peak and the heavy side
of the capsid peak isolated from CsCl gradients.
The observation of particles with electron-
dense cores in the nucleus indicates that the
pseudovirions enter the nucleus by a mecha-
nism similar to that observed for infectious viri-
ons. Thus the monopinocytotic form of penetra-
tion appears to be reserved for nuclear trans-
port of virions and pseudovirions. This data
suggests that there is a nuclear transport recog-
nition factor(s) present on virions and pseudovi-
rions that is recognized by the cellular receptor
site as a possible signal to undergo the monopi-
nocytotic form of penetration, thereby insuring
nuclear transport and entry. Capsids, on the
other hand, must lack this factor(s) and hence
are relegated to penetration in phagocytotic
vesicles and are possibly marked for destruc-
tion or removal from the cell.

Antigenic characterization of virus parti-
cles reisolated from infected cells. Indirect
radioimmunoprecipitation experiments were
performed to determine if virus particles that
had crossed the cell membrane had undergone
a change in antigenicity. 3H-amino acid-labeled
virions were used to infect cells at 4°C and 37°C.
Virus particles were reisolated from infected
cultures at 3 h postinfection and subsequently
purified on CsCl gradients. Their physical and
antigenic properties were examined by nega-
tive-stain electron microscopy, hemagglutina-
tion, bouyant density, and immunoprecipita-
tion.

Electron microscopy of negatively stained vi-
rus particles from the control and the 4°C and
37°C reisolated preparations demonstrated that
all 3 preparations had identical morphology.
Moreover, residual cell membranes and other
debris were not observed in the purified virus
preparations recovered from the cells (data not
shown). Equilibrium density gradient centrifu-
gation data (Table 3) demonstrated essentially
no differences in bouyant density of the 4°C and
37°C preparations as compared to the control

TABLE 2. Effect of exo- and endonucleases on the
biological activity of adsorbed virus

Treatment Titer'
(PFU/ml x 108)

Control ......... 3.20
Exonuclease ... ...... 3.80
Endonuclease ... ...... 3.80
Both ........ 4.50

a Determined 3 h postinfection.
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FIG. 5. Horseradish peroxidase-labeled polyoma virus-infected primary baby mouse kidney cells at 3 h
postinfection. (A) Polyoma virus capsids shown in groups in phagocytotic vesicles; (B) polyoma virions shown
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TABLE 3. Bouyant density determination and
radioimmunoprecipitation of virions

reisolated from infected cells

Density of cpm in: Radioactivity
Virion reisolated Total (% in:
sample peak cpm

(g/cm3) Pellet Super- Pellet Supter(g/c3) Plletnate nate

Control- 1.327 19,273 576 19,849 97.1 2.9
37oCa 1.320 5,307 338 5,645 94.0 6.0
4°Ca 1.329 3,560 364 3,924 90.7 9.3
a Virions were reisolated 3 h postinfection.

virus, which was not allowed to interact with
cells. Radioactivity and hemagglutination as-
says determined from the fractions of the CsCl
gradients demonstrated coincidental peaks of
activity (data not shown). Indirect radioimmu-
noprecipitation data is shown in Table 3. Virus
that was allowed to penetrate the cell mem-
brane at 37°C was recognized just as efficiently
by the anti-polyoma virion antiserum as virus
that was allowed to attach at 4°C or as the
control virus. It may be concluded from this
data that there is no significant change in vir-
ion morphology, density, antigenicity, or abil-
ity to hemagglutinate as a result of interacting
with or crossing the cell membrane.

Integrity of the virions from the cell surface
to the nucleus as seen by electron microscopy.
Since radioimmunoprecipitation demonstrated
that the virus is not altered antigenically as a
result of crossing the cell membrane, and the
virus does not become susceptible to nucleases
as a result of attachment and penetration, the
enzyme-labeled antibody technique was used to
determine if the virus arrives in the nucleus in
an immunologically recognizable form. The re-
sults shown in Fig. 6 demonstrate that the
monovalent Fab' portion of the viral antibody
molecule, which was coupled to horseradish
peroxidase, localizes the virus on the cell sur-
face, in the cytoplasm, and in the nucleus. It
was found that the Fab' portion of the antibody
molecule must be used to insure adequate pene-
tration of the antibody conjugate into the cells.
In addition, infected cells must be frozen and
thawed after fixation to free the monopinocy-
totic membrane from the virion in the cyto-
plasm to allow the antiserum conjugate to bind
the antigenic determinants. Similar localiza-
tion of virus particles on the cell surface, in the
cytoplasm, and within the nucleus occurred
with antiserum to SDS-disrupted virions and to
isolated capsomeres. This data further substan-
tiates that the coat proteins do not undergo a
loss of antigenicity as a result of attachment,
penetration, and nuclear entry, since the puri-

fled antibody fragments to the various polyoma
virus structural proteins, i.e., virions, SDS-dis-
rupted virions, and capsomeres, were each able
to recognize and bind to the virion structural
proteins in the nucleus. However, this immu-
nological technique revealed that virions en-
tered the nucleus but were not found to accu-
mulate. This was in contrast to the autoradiog-
raphy experiment (Table 1) where virion DNA
and coat proteins were found to accumulate in
the nucleus with time of infection. Thus it may
be concluded that the virus arrives intact in the
nucleus and that uncoating is an event subse-
quent to nuclear entry.
Attachment, penetration, and nuclear entry

of polyoma virions in various permissive and
nonpermissive host cells. Since the various
electron microscopy ultrastructural tracer tech-
niques demonstrated that the virions arrive in-
tact in the nucleus of primary baby mouse kid-
ney cultures, it was of interest to determine if
nuclear entry was a feature reserved for pro-
ductive infection. The fate of purified polyoma
infectious virions was then examined in other
permissive, i.e., primary mouse embryo and
BALB/3T3, and nonpermissive, i.e., BHK-21,
Py-BHK, and Py-3T3, rodent cells. As seen in
Fig. 7A-F, similar mechanisms of viral attach-
ment, penetration, and virion nuclear entry
were observed in both permissive and nonper-
missive cells. This suggests that the outcome of
the early events of virion attachment, penetra-
tion, and transport to the nucleus is solely a
function of the virus particle. Thus the event(s)
that determines whether a permissive or non-
permissive infection will result must be subse-
quent to entry into the nucleus and possibly is a
host function.

DISCUSSION
Due to the small size of polyoma virus (45

nm), it is often difficult to positively identify
the virus in thin sections by electron micros-
copy. There are a number of small normal cell-
ular constituents, e.g., ribosomes, present in
the cytoplasm and on the nuclear membrane
that are approximately the same size as the
virus. In addition, various fixation artifacts oc-
cur both in the cytoplasm and in the nucleus
that can easily be mistaken for the virus. To
overcome these difficulties, two approaches
were used. First, an attempt was made to in-
crease the probability of visualizing the virus
by increasing the number of virus particles that
entered cells. Second, various ultrastructural
tracer techniques were used to positively iden-
tify the virus.
To increase the number of virus particles
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that enter the cell, virus stocks were first en-
riched in infectious virus by plaque isolation.
The optimal conditions of virion adsorption
were determined (Fig. lA-C), and saturating
concentrations of virus particles were used to
infect cells under these optimum conditions for
electron microscopy studies. Three types of ul-
trastructural tracers were used. (i) Purified vir-
ions that were radioisotopically labeled in
either the virion DNA or coat proteins were
localized in infected cells by high-resolution
electron microscopy autoradiography (Table 1).
(ii) Subpopulations of polyoma virus (virions,
pseudovirions, and capsids) were labeled with
the enzyme horseradish peroxidase and used to
infect cells and then localized by developing the
electron-dense tracer (Fig. 5). (iii) Unlabeled
virions were used to infect cells, and after fixa-
tion, monovalent antibody Fab' fragments la-
beled with horseradish peroxidase were used to
bind and localize the virus when the electron-
dense tracer was subsequently developed (Fig.
6).
The result of the optimalization of the condi-

tions of infection and the use of ultrastructural
tracers is that a better understanding of the
early events ofpolyoma virus infection has now
been obtained. The data suggest that there is a
nuclear transport recognition factor(s) present
on virions and pseudovirions that is absent in
capsids. This factor possibly determines the
fate of the virus particle once it initiates attach-
ment to the host cell receptor site. It would
appear that this factor is located near the at-
tachment site on the virus since, if present, the
cell takes up the virus by monopinocytosis and
then rapidly transports it to the outer nuclear
membrane for nuclear entry and subsequent
uncoating. If the factor is absent, as must be
the case with capsids, the virus does not pro-
ceed along this specialized pathway, but rather
is taken into phagocytotic vesicles and is
marked for destruction either by fusion with
lysosomes or by disposal outside of the cell. It is
interesting to speculate that the monopinocy-
totic form of penetration is reserved for those
virus particles that not only possess the nuclear
transport recognition factor(s) but also are able
to undergo successful attachment on their
threefold axis.
Examination of a geodestix (8) model of poly-

oma virus demonstrates that the model could
easily interact with a cellular receptor site on
its fivefold axis or one vertice (Fig. 4A). This
form of attachment is a very loose interaction
and consequently is reversible and therefore
unstable. The virus particle may also directly
interact or roll over from the fivefold axis onto a
twofold axis or two vertices. Although the two-

fold axis interaction appears to be tighter than
the fivefold axis interaction with the cellular
receptor site, it is again unstable and could
possibly oscillate back and forth towards the
threefold axis direction on either side of the
twofold axis. However, from the model it be-
comes readily apparent that since the virus
particle is almost spherical, the face of the
model comes in close contact with the surface
before a threepoint contact. In fact it is not
possible to position the model on a flat surface
on the threefold axis, as it will rest on a twofold
axis and a face unless the surface below it is
depressed slightly. The twofold axis is the most
frequently occurring form of attachment at 40C,
as the fluid membrane is very rigid at that
temperature, and hence the virus is sterically
hindered by its own curvature from interacting
with a flat surface on its threefold axis. Conse-
quently, electron micrographs of the virus at-
tached to the cellular receptor sites at 4°C will
only result in the virus being seen on its five-
fold (Fig. 4A) or twofold axis (Fig. 4B).
At 37°C the situation is quite different; how-

ever, the membrane is more fluid and conse-
quently is more flexible. Under these condi-
tions, possibly at the expense of cellular en-
ergy, the membrane can flux or undulate just
enough to allow the virion to make contact on a
threefold axis. Once the threefold axis contact
is made, there must be a rapid signal given to
initiate penetration. The cell membrane then
begins to invaginate more deeply, possibly
keeping in close contact with the virion by in-
teracting with the nine remaining vertices of
the icosahedron until the virion pinches off
from the cell membrane as a monopinocytotic
vesicle. The monopinocytotic vesicle is then
ready to initiate itsjourney to the outer nuclear
membrane. Since it appears that penetration
by monopinocytosis is a prerequisite for trans-
port to the nucleus and subsequent entry, the
recognition of a particular viral protein(s) at
the cellular receptor site is a very critical step.
Boulanger and Hennache (2) and Lonberg-

Holm and Phillipson (23) postulated that the
first stage of adenovirus uncoating occurs at the
cell membrane, as virus particles that crossed
the membrane became susceptible to exogenous
nucleases. Experiments performed to deter-
mine if polyoma virions were likewise labilized
at the cell surface as a first stage of uncoating
demonstrated that the virions are not nuclease
sensitive (Table 2) as a result of crossing the
cell membrane, and hence a distinctively differ-
ent mechanism of penetration must occur with
polyoma virus.
Chardonnet and Dales (5) and Luftig and

Weihing (26) have both postulated that micro-
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tubules may play a role in nuclear transport
during adenovirus infection. However, the elec-
tron microscopy studies presented here demon-
strated that microfilaments and microtubules
are probably not involved in the rapid and spe-
cific transport of the monopinocytotic vesicles
from the cell surface to the nucleus. Thus the
question of how the monopinocytotic vesicles
rapidly and specifically migrate to the outer
nuclear envelope and then recognize the site for
nuclear entry is still open to speculation.

Ifa portion(s) of the virion coat were removed
as a result of crossing the cell membrane, as
has been postulated to occur with adenoviruses
(4, 23), then electron microscopy autoradiogra-
phy studies would have demonstrated an accu-
mulation of grains at the cell surface with time.
In addition, if uncoating had been a cytoplas-
mic event or if the virus were rendered into a
quasi-intact state as a result of crossing the
nuclear membrane, then an increase of grains
would have localized at the nuclear membrane
with time. However, neither of these cases was
observed. Moreover, radioimmunoprecipitation
and electron microscopy using Fab' antibody
fragments to polyoma virions, SDS-disrupted
virions, and capsomeres labeled with horserad-
ish peroxidase demonstrated that the virus does
not undergo a detectable change in antigenicity
as a result of crossing either the cell membrane
or the nuclear membrane.

Since the pseudovirions used for these stud-
ies were derived by pooling the light side of the
CsCl gradient virion peak and the heavy side of
the capsid peak, a spectrum of differences of
both the size and the composition of viral DNA
was expected. If the presence of the viral DNA
itselfwas involved in the nuclear transport rec-
ognition factor(s), these different DNA mole-
cules, due to their heterogeneous composition
and size, should impart a spectrum of charge
differences contributing to the net charge of the
virus if the DNA is involved in the attachment
site. Thus one would predict that a spectrum of
mobilities in an electrophoretic field would be
produced. However, Thorne et al. (41) have
previously demonstrated by zone electrophore-
sis that the virions and capsids have the same
mobility. This indicates that the properties of
the capsid alone determines the electrophoretic
mobility of the virus particle. It may be con-
cluded therefore that the nuclear transport rec-
ognition factor(s) is not the presence of the viral
DNA per se. However, this does not exclude the
cellular histones found associated with the viri-
ons.
The surface structure of polyoma virus has

been described by Wildy et al. (46), Klug (20),
and Finch (9) and was shown to be composed

totally of capsomeres. Moreover, the only mor-
phological difference between virions and cap-
sids by negative-stain electron microscopy is
the tightness of fit of the capsomeres and the
presence of the viral DNA and histones. Thus,
if a nuclear transport recognition factor(s) ex-
ists it is not morphologically distinguishable.
However, several alternative explanations for
the factor(s) may exist. For example, the factor
may result from the presence or absence of or a
change in the proportion of a particular viral-
specific protein(s). Moreover, it may result
from a conformational change of a protein near
the viral attachment site. Another possible al-
ternative is that the host cell histones that have
been shown to be present in both virions and
pseudovirions and absent in capsids (R. Con-
sigli, J. Zabielski, and R. Weil, submitted for
publication; 11) may be the nuclear transport
recognition factor(s). Although the histones
have been shown to undergo a close association
with the DNA replication complex (27), their
biological role during the early events of infec-
tion prior to DNA replication still remains ob-
scure. In vitro labeling techniques (13, 28) sug-
gest that at least a portion of the histones are
exposed to the environment at the surface of
the virion in some manner. Wildy et al. (46)
demonstrated that each capsomere has a 2.0-
nm hole in the center. One possible explana-
tion, therefore, might be that the histones re-
side on the inside of the virus coat but are able
to exert some influence at the attachment
site(s), either directly through the holes in the
capsomere(s) or indirectly by some form of a
conformational change. Recent evidence from
this laboratory (McMillen and Consigli, unpub-
lished data) suggest that monovalent Fab' frag-
ments to SDS gel purified histones (V4-V7) from
polyoma virions are able to efficiently neutral-
ize viral infectivity.

These studies have led to the model in Fig. 8
showing the early events of polyoma virus at-
tachment, penetration and nuclear entry. (1)
The virus with the nuclear transport recogni-
tion factor(s) interacts on either its fivefold or
twofold axis with the host cell receptor site at
either 4°C or 37°C; (2) at 37°C the cell mem-
brane undulates beneath the virus just enough
to allow contact on its threefold axis and
thereby signals penetration, possibly as a re-
sult of either direct or indirect histone interac-
tion; (3) the virus penetrates the cell mem-
brane, which closes tightly about the virus par-
ticle, thereby pinching it off to form a monopi-
nocytotic vesicle; (4) the monopinocytotic vesi-
cle rapidly and selectively migrates to the outer
nuclear membrane; (5) upon contact with the
outer nuclear membrane, the virus particle en-
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FIG. 8. Model ofpolyoma virion attachment, penetration, and nuckear entry (see text for description).

ters the nucleus devoid of a membrane; (6) once
within the nucleus the virus particle is un-
coated and the viral DNA is released (7) for
transcription and translation of viral genes; (8)
capsids appear to enter the cytoplasm in groups
within phagocytotic vesicles.
The data presented in this investigation dem-

onstrate that DNA-containing virus particles
(virions and pseudovirions) penetrated via a
specialized monopinocytotic mechanism, re-
sulting in nuclear transport and entry. On the
other hand, non-DNA-containing virus parti-
cles (capsids) were religated to penetration
within phagocytotic vesicles and were not found
to enter the nucleus. It was also demonstrated
that the virion DNA and coat proteins simulta-
neously arrived as early as 15 min postinfection
in the nucleus. This indicates that virion un-
coating is an event subsequent to nuclear en-
try. The above findings were found to occur in
both permissive and nonpermissive cells in-
fected with purified virions. This indicates that
the restrictive event(s) that determines the fate
of the productive as well as nonproductive in-
fection occurs subsequent to nuclear entry of
the infecting virions.
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