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A study was undertaken to produce antisera to sodium dodecyl sulfate-derived
polyoma virion polypeptides. With the use of this antisera, it was possible to
detect, by immunofluorescence, cytoplasmic synthesis of V1, V2, and V3 poly-
peptides at 18 h postinfection and subsequent transport to the nucleus by 22 h
postinfection. Anti-V1, anti-V2, and anti-V3 sera did not react with intact
virions in an immunodiffusion assay, nor did they possess hemagglutination
inhibition or viral neutralization activity. Antiserum produced against the four
host histone polypeptides (V4 through V7) demonstrated immunofluorescence
when reacted with polyoma-infected cells but not with uninfected cells. Anti-
histone serum was also capable of neutralizing viral infectivity, inhibiting
hemagglutination and reacting with whole virions in an immunodiffusion assay.

Current knowledge regarding the synthesis
of polyoma virion proteins is very limited. At-
tempts to demonstrate cytoplasmic synthesis of
viral proteins by immunofluorescent tech-
niques, using antiserum against intact virions,
have failed to reveal capsid proteins in the cyto-
plasm. This could be due to the fact that viral
polypeptides are transported from the cyto-
plasm to the nucleus too rapidly to be detected
by this technique. Alternatively, it might be
that the antiserum against whole virions recog-
nizes only the assembled capsids and fails to
detect the antigenic sites present on the pri-
mary structure of unassembled viral polypep-
tides.
To understand the mechanisms of matura-

tion and assembly of polyoma virions, it is im-
portant to identify the steps involved in the
synthesis of the viral DNA and viral struc-
trural proteins. Observations from this labora-
tory (15), as well as from others (6-8, 21), have
described the isolation of complexes of viral
DNA and virion structural proteins which ap-
pear to be maturation complexes and serve as
precursors to mature virions. However, the
temporal relationship of biosynthesis of the
viral proteins in the cytoplasm and their trans-
port to the nucleus to participate in viral as-
sembly has not been determined.
The intent of this work was to study the

course of biosynthesis of the viral polypeptides
and to explore the antigenic relationships ofthe
polypeptides to polyoma virions.

I Contribution no. 1278-J from the Kansas Agricultural
Experiment Station.

2 Present address: Virus Research Division, Jensen-Sals-
bery Laboratories, Kansas City, KS 66103.

MATERIALS AND METHODS
Cell and virus propagation. The preparation of

primary cultures of mouse embryo or baby mouse
kidney cells has been described (2, 23). Wild-type
polyoma virus was used to infect cells at a multiplic-
ity of 10. Infected cultures were maintained in Dul-
becco modified Eagle medium without serum.

Virus purification. Virus was purified from 72-h
infected cell lysates as described elsewhere (14).

Antigen preparation. Complete polyoma virions
isolated from a shallow CsCl gradient (14) were used
as the source of antigen. To isolate the sodium dode-
cyl sulfate (SDS)-derived viral polypeptides, virions
were disrupted by boiling for 5 min in 2% SDS and
5% 2-mercaptoethanol. The disrupted proteins were
subjected to electrophoresis on 15% SDS-polyacryl-
amide gels as described previously (16). Of the 12
gels run in parallel, one gel was fixed and stained
with Coomassie brilliant blue (Sigma) to locate the
positions of the protein bands in the gels. The viral
polypeptides (V1, V2, and V3) and the region of the
histone polypeptides (V4 through V7) were then ex-
cised from the remaining unstained gels (Fig. 1).
The excised gel pieces were extruded through the
barrel of a 5-ml syringe, and equal volumes of deion-
ized water and Freund adjuvant (Difco) were added.
The mixture was homogenized in a Sorvall Omni-
mixer using the micro-attachment. An additional
antigen was a mixture of all seven viral polypep-
tides, that is, virus that was disrupted as above but
not subjected to electrophoresis.

Antiserum production. Antisera were produced
in New Zealand white rabbits by subcutaneous in-
jection of the antigen at multiple sites along the
back. The rabbits were given three injections at
biweekly intervals, followed by a booster injection 2
months later. The initial injection was with Freund
complete adjuvant and subsequent injections were
with incomplete Freund adjuvant. Rabbits injected
with polypeptide V1 and with the disrupted mixture
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FIG. 1. SDS-polyacrylamide gel electrophoretic
profile of polyoma virion proteins. Approximately
500 mg of viral protein was subjected to electrophore-
sis on a 15-cm gel. The gel was fixed and stained with
Coomassie brilliant blue and used to locate the region
of polypeptide bands to be excised for use as immu-
nizing antigen.

of polypeptides (DV) each received a total of 1.6 mg
of protein. The rabbits immunized with polypeptides
V2 and V3 each received 0.4 mg of protein, whereas
the rabbits receiving the histone antigen were each
injected with 0.5 mg of protein. The antigen protein
quantities were estimated by determining the quan-
tity of protein put on the gel (12) and knowing the
relative percentage of each polypeptide species (15).
Hyperimmune sera were obtained by cardiac punc-

ture beginning 1 month after the last injection. Im-
munoglobulin G (IgG) was purified from whole se-
rum by triple salt precipitation using sodium sulfate
(10), followed by chromatography over a DEAE-
Sephadex column (11). The protein concentration of
the globulin fraction was estimated spectrophoto-
metrically (17). F(ab')2 fragments were isolated
from whole serum as described by Madsen and Rod-
key (17). F(ab') fragments were derived by reduction
(dithiothreitol, 7 mM final concentration) of the di-
valent form. The immunological data presented is
based on studies performed with a pool of serum
from the first two bleedings.

Fluorescent antibody. The indirect method of flu-
orescent antibody assay was used, using fluorescein-
conjugated goat anti-rabbit globulin (Difco).

Hemagglutination inhibition (HAI). Dilutions of
IgG were mixed with 8 hemagglutinating units of
polyoma virus and incubated at room temperature
for 45 min. Guinea pig erythrocytes (0.75%) were
added and the hemagglutination pattern was al-
lowed to develop at 40C.

Virus neutralization assay. The plaque reduction
method was used to quantitate neutralizing anti-
body in the various IgG preparations. Polyoma virus
was diluted to contain 50 PFU and mixed with an
equal volume of varying dilutions of IgG. After a 60-
min incubation at 370C, the virus-IgG mixture was
plaqued on primary mouse embryo cultures (1). An
80% reduction in plaques was used as the end point.

Immunodiffusion assay. Immunodiffusion assays
were carried out in 0.75% agarose (Sigma) in 0.02 M
sodium phosphate buffer (pH 7.2) and 0.1 M NaCl.
Whole virus was applied to the center wells and
allowed to diffuse for 36 h at 370C in a moist atmos-
phere prior to the addition of the IgG samples. All
IgG preparations were adjusted to contain 5 mg of
protein per ml. After the addition of the various IgG
samples, the precipitin lines were allowed to develop
for 24 h at 370C.

RESULTS
To effectively study the biosynthesis of viral

polypeptides, it was necessary to prepare anti-
serum against each of the SDS-derived viral
polypeptides. After electrophoresis of disrupted
polyoma virions on SDS-polyacrylamide gels,
the profile of which is depicted in Fig. 1, each
viral polypeptide (V1, V2, and V3) and the four
histone polypeptides (V4 through V7) were ex-
cised from the gel and used as immunizing
antigens. The immunological data obtained
with antiserum against each of the virion poly-
peptides and the disrupted mixture of polypep-
tides were compared with data obtained with
antiserum prepared (14) against purified intact
polyoma virions.
Immunofluorescence using antipolypeptide

antiserum. Infected mouse kidney cultures
were harvested at 2-h intervals beginning at 18
h postinfection, fixed in acetone-methanol, and
used to determine the ability of the antipoly-
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peptide serum to detect cytoplasmic synthesis
of viral polypeptides. At 18 h postinfection, cy-
toplasmic synthesis of all three viral polypep-
tides (V1, V2, and V3) could be detected (Fig.
2). A characteristic pattern of fluorescence was
observed with each of the polypeptide antisera.
The typical immunofluorescence pattern seen
with anti-V1 sera was that of "cytoplasmic fac-

tories," beginning at 18 h postinfection (Fig.
2B) and progressing in intensity with time.
Late in the infection cycle (42 h, Fig. 2C), using
anti-V1 serum, the nucleus appeared to be en-
gorged with V1 polypeptides. Both nuclear and
cytoplasmic fluorescence could be demonstrated
in some cells late in infection. A feature of the
immunofluorescence observed with anti-V2 se-

.4~~~~~

FIG. 2. Immunofluorescence photomicrographs of V1, V2, and V3 polypeptides in polyoma-infected mouse
kidney cells. (A) Uninfected cells, anti-V1 serum, x250; (B) 18 h postinfection, anti-V1 serum, x250; (C) 42 h
postinfection, anti-V1 serum, x400; (D) uninfected cells, anti-V2 serum, x250; (E) 18 h postinfection, anti-
V2 serum, x250; (F) 42 hpostinfection, anti-V2 serum, x400; (G) uninfected cells, anti-V3 serum, x250; (H)
18 h postinfection, anti-V3 serum, x250; (I) 26 h postinfection, anti-V3 serum, x250; (J) 42 h postinfection,
anti-V3 serum, x400.
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rum was that early in infection (18 h, Fig. 2E),
the factories of polypeptide synthesis were
found primarily in the perinuclear area of the
cytoplasm and, at 42 h postinfection (Fig. 2F),
the nuclear membrane appeared to be fluoresc-
ing, suggesting that V2 polypeptides were inti-
mately associated with this membrane. V2 did
not generally appear to accumulate throughout
the nucleus. The pattern of fluorescence ob-
served when using anti-V3 serum included both
cytoplasmic factories (Fig. 2H) and nuclear
membrane fluorescence (Fig. 2I). Late in infec-
tion (Fig. 2J), fluorescence could be seen
throughout the nucleus as well as at the nu-
clear membrane. A striking feature consist-
ently observed with anti-V3 serum was that of
nucleolar fluorescence, particularly as can be
seen in Fig. 2H. Nucleolar fluorescence could
occasionally be demonstrated in uninfected
cells when using anti-V3 serum. Occasionally,
the other polypeptide antisera could result in
nucleolar fluorescence when reacted with in-
fected cells, but not with uninfected cells. The
time course of synthesis of the three viral poly-
peptides seemed to be quite similar, as mea-
sured by immunofluorescence, in that the syn-
thesis of all three polypeptides could be de-
tected in the cytoplasm at 18 h postinfection
and was first observed in the nucleus at 22 h
postinfection. The three polypeptide antisera
(Vi, V2, and V3) did not react with uninfected
control cells (Fig. 2A, D, G).
Antibody prepared against the four host-con-

tributed histones (V4 through V7) did not give
a positive immunofluorescent reaction with un-
infected cells (Fig. 3A). However, when anti-
histone serum was reacted with infected cells,
positive cytoplasmic fluorescence could be dem-
onstrated at 18 h postinfection (Fig. 3B), and at
42 h postinfection solid nuclear fluorescence
was seen, with some cells still showing cyto-
plasmic fluorescence (Fig. 3C).
The immunofluorescence pattern seen when

using antiserum prepared against the dis-
rupted virus mixture of polypeptides is pre-
sented in Fig. 4. Consistent with the fact that
anti-DV serum contains antibody against V3
polypeptide, uninfected cells demonstrated nu-
cleolar fluorescence (Fig. 4A). Cytoplasmic and
nucleolar fluorescence were prominent at 18 h
postinfection (Fig. 4B), whereas at 42 h postin-
fection nuclear and nucleolar fluorescence were
most evident.
When anti-intact virion serum was used, un-

infected cells did not fluoresce (Fig. 5A). Nu-
clear fluorescence could not be detected until
24 h postinfection (Fig. 5B) and increased late
in infection (Fig. 5C).
HAI assays. The antipolypeptide sera were
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FIG. 3. Immunofluorescence photomicrographs of
histone polypeptides (V4-7) in mouse kidney cells,
using anti-histone serum. (A) Uninfected cells,
x250; (B) 18 h postinfection, x250; (C) 42 h postin-
fection, x400.

also used in HAI assays to determine if these
antibodies could prevent the agglutinatio of
guinea pig erythrocytes by polyoma virus. The
results are presented in Table 1. The assay was
performed with the IgG fraction ofeach antipol-
ypeptide serum, and HAI is expressed as the
lowest concentration of IgG protein giving a
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FIG. 4. Immunofluorescence photomicrographs of FIG. 5. Immunofluorescence photomicrographs of
polyoma polypeptides in mouse kidney cells, using mouse kidney cells, using anti-intact virion serum.
anti-DV serum. (A) Uninfected cells, x400; (B) 18 h (A) Uninfected. cells, x250; (B) 24 h postinfection,
postinfection, x400; (C) 42 h postinfection, x400. x400; (C) 42 h postinfection, x400.

positive reaction. Anti-V1, anti-V2, and anti-
V3 IgG's, at concentrations of 240 ,ug of IgG,
were unable to inhibit the viral hemagglutina-
tion reaction, either individually or as a mix-
ture of all three sera. Surprisingly, anti-histone
IgG, at a concentration of 15 Ag, gave a positive
HAI. Anti-DV IgG inhibited agglutination

when it was reacted at a concentration of 7.5
Ag. The HAI titers of anti-histone antibody and
anti-DV antibody were increased in the serum
from later bleedings (after booster injections),
whereas anti-V1, anti-V2, and anti-V3 antibod-
ies did not show such an increase (data not
shown). Anti-intact virion IgG inhibited agglu-
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TABLE 1. Immunological reactivity ofpolypeptide
antiserum

Antibody activity (,ug)
IgG sample

HAIa Neutralization"

Anti-V1 Negativec 240
Anti-V2 Negative 120
Anti-V3 Negative 240
Anti-V1, V2, V3 Negative 120
Anti-histone 15 15
Anti-DV 7.5 7.5
Anti-intact 0.1 0.2

a Lowest IgG concentration inhibiting 8 hemag-
glutinating units of polyoma virus.

b Lowest IgG concentration capable of an 80%
reduction of polyoma plaques.

c Negative at 240 jig, highest concentration
tested.

tination when reacted at a concentration as low
as 0.1 ,ug. All preimmunization sera were nega-
tive for HAI.

Neutralization of viral infectivity. The abil-
ity of the various polypeptide antibodies to neu-

tralize viral infectivity was assessed by deter-
mining the lowest concentration of IgG that
could bring about an 80% reduction in polyoma
plaques. These results are presented in Table 1.
High IgG concentrations, i.e., 120 to 240 ,ug,
were required for anti-V1, anti-V2, and anti-V3,
or a mixture of these three IgG's to neutralize
viral infectivity. However, anti-histone IgG
gave an 80% reduction in plaques at a concen-
tration of 15 ,ug, whereas anti-DV was equally
effective at 7.5 ,g. The serum from later bleed-
ings of anti-histone and anti-DV increased in
titer, so that an 80% plaque reduction was
achieved at IgG concentrations of less than 1
,4g. The serum from later bleedings of anti-V1,
anti-V2, and anti-V3 increased in titer approxi-
mately two- to fourfold, requiring IgG concen-
trations of 30 to 60 ,g to result in an 80% plaque
reduction. Anti-intact virion antibody neutral-
ized polyoma at 0.2 ,4g, the lowest concentra-
tion tested.
Plaque reduction and HAI with anti-his-

tone F(ab')2 and F(ab') fragments. The ability
of the anti-histone serum to neutralize viral
infectivity and inhibit hemagglutination was
an unexpected finding. To further investigate
the nature of the interaction occurring with
polyoma virus and anti-histone antibody, it was
decided to use divalent and monovalent IgG
fragments. The anti-histone F(ab')2 and F(ab')
fragments were used in HAI and plaque reduc-
tion assays along with undigested IgG as a

comparison, and the results are presented in
Table 2. As can be seen, the divalent and mono-
valent fragments reacted at comparable levels

TABLE 2. Immunological reactivity of anti-histone
IgG, F(ab')2, and F(ab')

Antibody activity (tqg)
Antibody sample

HAja Neutralizationb

Whole IgG 0.78 2.8
F(ab')2 1.55 5.6
F(ab') 3.10 3.4

a Lowest IgG concentration inhibiting 8 hemag-
glutinating units of polyoma virus.

bLowest IgG concentration capable of an 80%
reduction in polyoma plaques.

with whole IgG in neutralizing viral infectiv-
ity. There was only a slight reduction in the
ability of the fragments to inhibit hemaggluti-
nation. Identical data were obtained when anti-
DV monovalent and divalent fragments were
used (data not shown).
Immunodiffusion assays using intact virus

and the various polypeptide and intact virus
IgG preparations. A further attempt to define
the reactivity of the IgG preparations with in-
tact virions was carried out with immunodiffu-
sion tests. Anti-V1, anti-V2, and anti-V3 IgG
preparations failed to give a precipitin reaction
with intact virions. Anti-histone, anti-DV, and
anti-intact virion IgG's each formed immuno-
precipitin lines with the intact virions (data not
shown).

DISCUSSION
One of the first reports showing that anti-

body against degraded viruses could be used to
detect soluble virion protein was that by
Scharff et al. (20). These investigators used
antibody prepared against guanidine-degraded
poliovirus to identify soluble precursor capsid
proteins in the cytoplasm of poliovirus-infected
cells. The data presented in this study clearly
demonstrate that with the use of SDS-derived
virion polypeptides as antigens it is possible to
produce antiserum capable of detecting cyto-
plasmic synthesis of polyoma virion polypep-
tides. Further, the immunofluorescence stain-
ing pattern with each polypeptide antisera was
different. One other report describing cytoplas-
mic synthesis of polyoma virion proteins (25)
was one in which a mixture of disaggregated
virus peptides was used to produce an antise-
rum that gave cytoplasmic fluorescence in poly-
oma-infected cells. However, this report did not
define the products of the disaggregation proce-
dure nor attempt to identify synthesis of indi-
vidual peptides. The studies presented here de-
fine more clearly the course of synthesis of the
three virion coat proteins and suggest that all
three are synthesized at similar times postin-

J. VIROL.



ANTISERA TO POLYOMA VIRUS POLYPEPTIDES 1119

fection. All of the polypeptide antigens ap-
peared in the nucleus 2 h prior to the appear-
ance of viral proteins detectable by sera to in-
tact virions. However, it should be noted that
the kinetics of formation of these polypeptides
reflect the time ofdetection by the sensitivity of
the immunofluorescence technique, and un-
doubtedly actual synthesis begins at an earlier
time. Seehafer and Weil (22) used gel electro-
phoresis profiles of polyoma-infected nuclei to
determine the time of synthesis of viral poly-
peptides. They were able to detect V1 in the
nucleus at 21 h postinfection, which is in agree-
ment with the results in this study showing
nuclear fluorescence with anti-V1 serum at 22 h
postinfection. The fact that V2 and V3 polypep-
tides could be detected by immunofluorescence
to be in the nucleus at 22 h postinfection,
whereas V2 and V3 polypeptides could not be
resolved on gel electropherograms at this time
due to the large background of cellular proteins
(22), suggests that these polypeptide antibodies
provide a powerful tool for further studies re-
garding the synthesis and assembly of the viri-
ons. The observation that anti-V3 and anti-DV
sera react with the nucleolus of both uninfected
and infected cells lends further support to the
suggestion (3, 15) that the V3 polypeptide ac-
tually consists of two proteins, one being viral
coded and the other being a host-contributed
protein.
The results of the fluorescent antibody stud-

ies suggested that antigens on whole virions
are a different mosaic from those on viral poly-
peptides. Presumably, the polypeptide antigens
revealed by immunofluorescence in the cyto-
plasm are those on the protein prior to folding
into the tertiary structure present in the assem-
bled virions. Immunological reactivity with in-
tact virion antibody is gained when the poly-
peptides are transported to the nucleus and
undergo conformational changes necessary for
viral assembly.

This was further verified by the fact that V1,
V2, and V3 polypeptide antibodies failed to neu-
tralize infectious virus, inhibit hemagglutina-
tion, or react with intact virions in the immu-
nodiffusion assay. These observations were not
unexpected in light of the fact that earlier re-
ports with two parvoviruses, HADEN virus (9)
and adeno-associated virus (4), provided simi-
lar findings. These investigators were able to
demonstrate cytoplasmic synthesis of virion
polypeptides using antiserum prepared against
SDS-derived viral polypeptides. Further, this
polypeptide antibody failed to react immuno-
logically with whole virions. In addition, Stin-
ski and Ginsberg (24) reported that antibody
prepared against adenovirus hexon polypeptide

was unable to react with native hexon capso-
meres.
The most surprising finding in this study was

the fact that antibody prepared against the his-
tone polypeptides (V4 through V7) had immu-
nological reactivity with intact virions. This
indicates not only that SDS-derived histones
are structurally similar to those found in the
intact polyoma virion but, more importantly,
that histones may be involved in viral functions
other than those regarding viral DNA confor-
mation. The data demonstrating that the mon-
ovalent F(ab') fragments were able to neutral-
ize viral infectivity makes it unlikely that non-
specific aggregation of the virus by histone an-
tibody results in neutralization of viral infectiv-
ity. In addition, the antigenic nature of the
histones in polyoma virus must be different
from that of cellular histones, since anti-his-
tone antibody did not result in immunofluores-
cence of uninfected mouse cells. A recent report
(19) has demonstrated that the H3 and H4 his-
tones of polyoma virions are extensively acety-
lated in comparison with host cell histones.
This type of modification, or perhaps phospho-
rylation or methylation, could account for the
antigenic variation reported here. Alterna-
tively, it could be that a previously unrecog-
nized viral-coded protein migrates with the his-
tones in polyacrylamide gels and is responsible
for eliciting the antibody capable of viral neu-
tralization and HAI. The ability of anti-DV
sera to neutralize viral infectivity and inhibit
hemagglutination most likely results from the
presence of antibody to V4 through V7 in the
mixture. This might explain the results of Ozer
and Tegtmeyer (18), in which they demon-
strated that antibody to SDS-disrupted simian
virus 40 virions reacted immunologically to
some degree with whole simian virus 40 viri-
ons.

It seems reasonable to postulate that at least
a portion of the histone proteins associated with
polyoma virions are present on the external
surface of the virus particle, based on the fact
that they must be accessible to antibody. Other
studies carried out in this laboratory (R. L.
Mackay, Ph.D. thesis, Kansas State Univer-
sity, Manhattan, 1975; 13) have presented data
suggesting the presence of a nuclear transport
recognition factor(s) on complete and pseudovi-
rion populations of polyoma virions, which is
responsible for directing these particles into the
nucleus for uncoating. Since histones are pres-
ent in complete virions as well as in pseudovi-
rions, but not in capsids, it might be that the
external histone population fulfills the role of
this recognition factor. Additionally, Frost and
Bourgaux (5) have recently presented a model
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for the uncoating of polyoma virus that led
them to postulate that histones are present on

the external surface of the virion.
The data presented in this study suggest that

antibodies prepared against individual viral
polypeptides should serve as important tools for
probing the structure of virions and for eluci-
dating the mechanisms of viral assembly. In
addition, the role of the host histones found in
papovaviruses must be reexamined in light of
the findings reported here.
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