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Treatment of purified polyoma virions with 6 M guanidine-hydrochloride and
0.01 M f8-mercaptoethanol resulted in the immediate loss of both hemagglutinat-
ing and plaque-forming ability. Gel filtration through Sepharose CL-6B beads
allowed separation of the dimer, VPI, VP2, VP3, and histone proteins VP4-7 in
highly purified form. Renaturation of the purified VP1 protein resulted in the
formation of subunits that were morphologically, biophysically, and immunolog-
ically similar to native virion capsomeres.

Due to the hydrophobic nature of the poly-
peptides that make up the polyoma virion, the
isolation and identification of these proteins has
been limited to sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis. Eight virion
proteins have been resolved by gel electropho-
resis (molecular weights): dimer (86,000), VP1
(45,000 to 46,000), VP2 (31,000 to 35,000), VP3
(21,000 to 23,000), and four cellular histones, VP4
(18,000), VP5 (16,000), VP6 (14,000), and VP7
(11,000) (4, 6, 8, 14, 15, 17, 18). Tryptic peptide
analysis of the isolated proteins indicated that
the dimer and VP, proteins are identical (4, 9).
VP2 and VP3 also have similar tryptic peptides,
with VP2 having additional peptides, but both
polypeptides are distinct from VP,. The histone
proteins, VP4.7, have been determined to be cel-
lular histones, possibly modified following poly-
oma infection (16). Although SDS-polyacryl-
amide gel electrophoresis offers good resolution
and has been a valuable tool for the identifica-
tion of the virion proteins, the recovery of native
protein is difficult because SDS has such a
strong binding affinity for proteins.
To circumvent the SDS denaturant, we have

developed an altemative method for separation
of the polyoma viral proteins. This system in-
volves gel fitration in the presence of 6M guan-
idine-hydrochloride (GuHCl) and the reducing
agent, /1-mercaptoethanol, as described by Fish
et al. (5). Dialysis of the isolated major protein,
VP1, to remove the GuHCl denaturant permits
the recovery of the protein in its native state.
The role that the VP1 polypeptide plays in the
virion structure will be discussed.

Virus to be used in these experiments was
grown in primary mouse kidney or mouse em-
bryo cells (3, 19) in serum-free Dulbecco-modi-
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fied Eagle medium (13). Virus purification has
been described previously (1, 13). 32P-labeled
virions were produced by maintaining the in-
fected cell cultures in phosphate-free media with
20 ,uCi of radiolabeled inorganic phosphate per
ml. The preparation of 3H-amino acid-labeled
polyoma virions and the in vitro 125I virion la-
beling have also been described (7, 15). GuHCl
(Sigma Chemical Co., practical grade) was pur-
ified by the method of Bryce and Crichton (2).
Briefly, 6 M GuHCl was heated to 600C with
activated charcoal for 4 h and then fitered
through Whatman no. 42 ashless filter paper.
The preparation of protein samples and the de-
tails for the preparation of SDS-15% polyacryl-
amide gels have been described previously (la,
15).
GuHCl was chosen over other similar protein

denaturants because it caused the most rapid
and complete dissociation of the polyoma virion.
The virion was found to be extremely stable to
6 M urea solution, since hemagglutination and
plaque-forming ability were not markedly re-
duced. The addition of 0.1 M ,B-mercaptoethanol
to the urea dissociation mixture caused a 75%
reduction in hemagglutinating and plaque-form-
ing activity. However, when virions were incu-
bated in 6 M GuHCl, with or without ,8-mercap-
toethanol, an immediate loss of all hemaggluti-
nating and plaque-forming activity was observed
(data not shown).

Prior to chromatography of viral proteins,
GuHCl-denatured "C-labeled molecular weight
standards were chromatographed. It was found
that the effluent volume at which each marker
protein eluted in this chromatographic system
was proportional to the logarithm of its molec-
ular weight (Fig. 1). Chromatography of GuHCl-
denatured polyoma virion proteins through
Sepharose CL-6B beads demonstrated five ma-
jor peaks of radioactivity (Fig. 1). The peak
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fractions from each protein species were dialyzed
and analyzed by SDS-polyacrylamide slab gel
electrophoresis. With SDS-disrupted polyoma
virions as a reference, the column-purified pro-
teins were identified. Peak A was determined to
be the dimer; peak B, VP1; peak C, VP2; peak D,
VP3; and peak E contained the four histone
proteins, VP4-7. All the proteins isolated from
the column were highly purified, with the excep-
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tion of VP2, which was slightly contaminated
with VP1. No additional proteins were detected.
To determine whether polyoma DNA was co-

eluting with the polyoma polypeptides, an ex-
periment was performed in which 32P-labeled
polyoma virions were also disrupted and ana-
lyzed in the GuHCl chromatographic system
(Fig. 1). 32P radioactivity could be detected only
in the void volume of the column, indicating that
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FIG. 1. Gel filtration of radiolabeled polyoma virion proteins in GuHCI and 13-mercaptoethanol. Electro-

phoretically pure radiolabeled polyoma virions (2 to 5 mg) were lyophilized and resuspended in 1 ml of Tris
buffer (0.1 M, pH 8.5). /3-Mercaptoethanol was added to a final concentration of 0.1 M, and the mixture was
allowed to incubate at 4°C for 2 h. Solid GuHCI (Sigma Chemical Co., grade 1) was then added to a final
concentration of 6 M, and the volume was adjusted to 2 ml with Tris buffer (0.01 M, pH 7.4). The pH of the
sample was then adjusted topH 4.0, and it was allowed to incubate at room temperature for 3 h. Chromatog-
raphy wasperformed at a flow rate of2 ml/h on a column (100 by 2.5 cm, Glenco column) ofSepharose CL-6B
(Pharmacia) equilibrated with 6 M GuHCI, 0.1 M ,B-mercaptoethanol, and Tris buffer (0.01 M, pH 4.0).
Samples of 1.8 ml were collected. Aliquots from each fraction were analyzed for radioactivity. Molecular
weight standards from left to right are bovine serum albumin, ovalbumin, chymotrypsinogen, and cytochrome
c. Symbols: (0) 32p, (0) 3H-amino acid, (E) molecular weight standards.
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the viral DNA was not broken down by the
GuHCl. In addition, the DNA was sufficiently
separated from the viral proteins such that it
was not likely to influence their migration
through the column matrix. In addition, no viral
protein was found to be comigrating with the
viral DNA, indicating that the GuHCl had dis-
rupted any protein-DNA interactions present in
the virion.

Since the polyoma viral proteins have been
well characterized only in SDS-polyacrylamide
gels, it was essential to compare the molecular
weights and protein ratios of the GuHCl-isolated
proteins with the SDS-polyacrylamide gel sys-
tem. The molecular weight estimates for the
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viral proteins were almost identical between the
two systems. The only significant difference was
in VP2, which eluted at an apparent molecular
weight of 31,000 in the GuHCl column system
as compared to a molecular weight of 34,000 in
the SDS-polyacrylamide gel system. The poly-
peptide composition of the virus was also very
similar in the two systems.
Gel filtration in GuHCl is not only suitable for

the fractionation of viral proteins, but has the
advantage that the denaturant may be removed
by dialysis, allowing refolding of the protein to
its native configuration. Since VP, makes up
approximately 75% of the total viral protein, we
chose to initiate our investigations of the
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FIG. 2. Velocity sedimentation of polyoma capsomeres, renatured GuHCl VP,, and marker proteins in

sucrose gradients. The renaturation ofGuHCI VP1 was performed by sequential dialysis against 500 volumes
of cold buffer (4°C) in the following order: (i) 4 M GuHCI, 0.25% Triton X-100, 0.1 M 13-mercaptoethanol, in
Tris buffer (0.01 M, pH 7.4); (ii) 2M GuHCI, 0.25% Triton X-100, 0.1 M,3-mercaptoethanol, in Tris buffer (0.01
M, pH 7.4); (iii) 0.25% Triton X-100, 0.1 M ,1-mercaptoethanol, 0.15 M NaCl, in Tris buffer (0.01 M, pH 7.4).
Each dialysis step was allowed to go for 24 h at 4°C. Dialysis against buffer (iii) was repeated twice. 125I-
labeledpolyoma virions were exposed to 1 mM EGTA, 3mMDTT, and 0.15M NaCl in 0.05M Tris buffer (pH
8.5) for 30 min at room temperature to dissociate the virions to the capsomere level. Samples of each
preparation were layered onto 5 to 20% sucrose gradients (5 mM EGTA, 0.15 M NaCl, 0.25% Triton X-100, in
Tris buffer, 0.01 M, pH 8.5) and centrifuged in an SW50.1 rotor at 40,000 rpm for 17 h (4°C). Arrows from left
to right indicate position of 18S, 12S, and 5S capsomere subunits. Symbols: (O) polyoma capsomeres, (0)
renatured GuHCI VP,, (0) protein markers.
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GuHCI-isolated proteins with this polypeptide.
Following renaturation and concentration of the
VP1 protein, the purity of the preparation was
again analyzed by SDS-polyacrylamide gel elec-
trophoresis. Only a single protein, which mi-
grated exactly with VP1 from intact virions,
could be detected.
The renatured VP, was also analyzed on ve-

locity sucrose gradients (Fig. 2). Polyoma cap-
someres, prepared by ethyleneglycol-bis(,8-ami-
noethyl ether)-N,N'-tetraacetic acid-dithiothre-
itol (EGTA-DTT) dissociation of intact virions
(1), were sedimented in a parallel gradient for
comparison. The EGTA-DTT capsomeres sedi-
mented as 18S, 12S, and 5S protein species. The
renatured VP1 demonstrated two well-defined
peaks of radioactivity. The heavier peak sedi-
mented to a position in the gradient identical to
that of the 12S virion capsomere species and
comprised approximately 40% of the radioactiv-
ity recovered from the gradient. The lighter peak
of radioactivity, which comprised approximately
60% of the total radioactivity recovered, sedi-
mented as a very broad species of protein with
a mean sedimentation value of 6S. This radio-
active peak demonstrated a very defmiite skew
on the 12S side of the peak, indicating that more
than one species of protein might be present.
This type of profile for the VP1 was obtained
only when the renaturation process was allowed
to proceed very slowly, as described in the legend
of Fig. 2. VP1, which was subjected to a very

quick dialysis against Tris buffer (0.01 M, pH
7.4), resulted in an aggregation of protein such
that over 90% of the radioactivity was recovered
in the pellet of the gradient (data not shown).
No detectable 12S and 6 to 7S protein species
were observed.

Also shown in Fig. 2 is the sedimentation
pattern observed when the in vitro-labeled pro-
tein markers (bovine serum albumin, ovalbumin,
chymotrypsinogen, and cytochrome c) were an-
alyzed on parallel sucrose gradients. These pro-
teins sediment slightly slower than the VP1 6S
protein species (Fig. 2). This indicates that the
VP1 6S species might consist of a family of VP1
monomers, dimers, and possibly trimers. The
VP1 12S species would appear to be a larger
multimer of VP1 monomers which have associ-
ated with each other to forn a distinct subunit
species.

Since there was a distinct species of the re-
natured VP1 which cosedimented with the na-
tive 12S capsomere species, samples of the re-
natured VP1 were examined in the electron mi-
croscope. A significant number of structures
were observed which closely resembled virion
capsomeres in both size and shape (Fig. 3). The
renatured VP, structures measured approxi-
mately 9.0 nm in diameter, while native virion
capsomeres were determined to be approxi-
mately 10 nm in diameter. The VP1 subunits
were also morphologically similar to native cap-
someres, appearing to have a hollow center

FIG. 3. Electron microscopy of renatured GuHCl VP, capsomere subunits. Renatured VP, samples were
mounted on carbon-coated grids and stained with 2% aqueous phosphotungstic acid. Specimens were
examined with a Phillips 201 electron microscope operated at 60 kV. Magnification, x180,000 (insert,
x240,000).
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around which a ring of proteins was arranged.
The sedimentation pattern and electron mi-

croscopy both indicated that at least a portion
of the renatured VP, had assembled into cap-
somere subunits. Further investigations were

performed with a series of well-characterized,
purified immunoglobulin G (IgG) samples pres-
ent in our laboratory. Following adsorption of
the renatured VP, to mouse kidney cells, anti-
capsomere IgG was tested for its reactivity to

FIG. 4. Immunofluorescence photomicrographs of renatured VP, capsomeres adsorbed to mouse kidney
cells using normal rabbit serum and anti-polyoma capsomere serum. The preparation of monospecific
antibodies has been described previously (16). IgG was purified from whole serum by triple salt extraction
using sodium sulfate (10), followed by chromatography over a DEAE-Sephadex column (11). Renatured VP,
was allowed to adsorb to mouse kidney cells for 1 h at room temperature, and the unadsorbed protein was
removed by repeated washes with phosphate-buffered saline. The indirect method of fluorescent-antibody
assay was used, using fluorescein-conjugated goat anti-rabbit globulin (Difco). (A) Normal rabbit serum; (B)
anti-polyoma capsomere rabbit serum.
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the renatured VP, (Fig. 4). As can be seen, a
very strong reaction was observed between the
renatured VP, capsomeres and the anti-capso-
mere IgG (Fig. 4B). Some cells were observed to
be virtually covered with the VP1 capsomeres,
while others demonstrated a very particulate
fluorescence. Normal rabbit serum, isolated
from rabbits prior to inoculation, demonstrated
no fluorescence with the renatured VP, capso-
meres (Fig. 4A).

Similar fluorescent-antibody assays were per-
formed with IgG to intact polyoma and mono-
specific IgG directed against the individual vir-
ion polypeptides isolated from SDS-polyacryl-
amide gels (16). All these antibodies were highly
purified and have been well characterized in
previous investigations in this laboratory (12,
16). Only antibodies directed against capsomeres
and intact polyoma virions were found to react
with the renatured VP1 capsomeres (data not
shown), with anti-capsomere IgG giving the
strongest reaction. No reactivity of the rena-
tured VP, capsomeres with the antibodies di-
rected against the SDS-polyacrylamide gel-iso-
lated viral proteins was observed.

Recently, we reported that polyoma virions
could be dissociated to a DNA-protein complex
and individual capsomere subunits following ex-
posure to EGTA-DTT (1, la). The capsomere
subunits sedimented as 18S, 12S, and 5S protein
species in sucrose gradients. The 18S and 12S
protein species were composed of 92 and 86%
VP,, respectively. VP2 and VP3 made up the
remaining portion of the protein associated with
these two capsomere subunit species. Since the
capsid shell of the virions consists of 60 hexons
and 12 pentons, one can calculate that 83% of
the total capsomere population are the hexon
subunits. The 18S and the 12S subunit popula-
tions comprised 84% of the total capsomere pop-
ulation. In addition, the molecular weights of
the 18S and 12S subunits are approximately
600,000 and 300,000, respectively. Based on these
findings, we proposed that these two species
were the hexon capsomeres of the virion (the
18S species would appear to be a hexon dimer)
and that each hexon capsomere was composed
of six molecules of VP1. Obviously, the ultimate
proof to this proposal was to isolate a capsomere
subunit in which only VP, was present. Since it
seemed that we could not achieve this goal by
virion dissociation, the alternative was to isolate
pure VP1 and then assemble the capsomere sub-
unit in vitro.
The results presented here indicate that pol-

yoma capsomeres, presumably the hexons, can
be forned by the association of VP1 proteins
alone. Furthermore, these VP, capsomeres ap-
pear to be identical to capsomeres purified from
the intact virion. The VP, capsomeres sediment

identically to the 12S capsomeres released by
the EGTA-DTT dissociation of intact virions.
In addition, the VP1 capsomeres react very
strongly with anti-capsomere IgG. These results
provide evidence that the correct number and
arrangement of VP, proteins have occurred in
the formation of the VP1 capsomere such that it
is biophysically and antigenically very similar to
native virion capsomeres. The inability of the
VP1 capsomeres to react with monospecific IgG
to SDS-denatured virion proteins is also of im-
portance. The renaturation of proteins some-
times leads to folded proteins that are only par-
tially renatured; i.e., species are obtained which
contain major portions of the original confor-
mation, but also contain regions of altered struc-
ture due to the improper folding of the poly-
peptide chain. The lack of any reactivity with
IgG to the SDS-polyacrylamide gel-isolated vir-
ion proteins would indicate that there are no
significant denatured regions in the proteins
which make up the VP1 capsomere subunits.
Together with the EGTA-DTT dissociation
data, these results provide evidence that the
hexons of the polyoma virion are composed of
only VP,. This would be consistent with the
observations of Walter and Deppert (20).

Probably the most significant contribution of
these findings is that the ability to isolate and
subsequently renature the virion proteins offers
an ideal experimental system for future investi-
gation. To our knowledge, this is the first time
that individual polyoma proteins have been
available in their native configuration for exper-
imentation. These renatured proteins can now
be used for further investigations dealing with
their structure and function in the virion.
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