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Polyacrylamide gel electrophoresis of the solubilized proteins from the three
serotypes of reovirus revealed that each contained three major and four minor
components. Subviral particles were prepared by brief treatment of complete virions
with urea. Electron microscopy, density-gradient centrifugation, and chemical
analyses of these particles indicated that their outer capsid structure had been
selectively removed. They contained only two proteins, but their ribonucleic acid
composition was similar to that of complete virions. The subviral particles were not
infectious.

The reovirus group includes three serological
types which share a common complement-fixing
antigen but are distinguishable by neutralization
and hemagglutination-inhibition reactions (15).
Electron microscopic examination of purified
reovirus particles has shown that all serotypes
consist of three principal morphological com-
ponents: (i) the outer capsid, (ii) an inner struc-
tural layer, and (iii) a core containing the viral
ribonucleic acid (RNA; 9, 13, 26). In contrast
to the extensive information available on the
properties of the double-stranded, segmented
genome and the adenine-rich RNA of reoviruses
(1-3, 20, 28), their structural proteins have not
been characterized. The present investigation
was undertaken to analyze and compare the
proteins of all three serotypes and to relate
them to the morphological features of purified
virions.

MATERIALS AND METHODS
Cells antd viruses. Mouse L-929 cells were grown in

suspension or stationary culture in Eagle's medium
supplemented with 5% fetal calf serum. Reovirus
types 1 (Lang), 2 (D-5 Jones), and 3 (Abney) were
obtained from the American Type Culture Collec-
tion. The procedures for reovirus infection of cells
and virus purification have been described (18, 19).

Preparationt of radioactive virus. Monolayer cul-
tures of L cells were infected at an input multiplicity
of 1 to 10 plaque-forming units per cell. After a 3-hr
adsorption period, fresh medium containing 2%77 fetal
calf serum, one-tenth the usual concentration of
amino acids, and 0.1 Ac of reconstituted 3H-labeled
protein hydrolysate per ml (Schwarz Bio Research
Inc., Orangeburg, N.Y.) were added. The cells were
incubated at 37 C for 2 to 4 days, harvested, and the
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virus was purified. Similar procedures were employed
for the preparation of 32P-labeled virions, except that
phosphate-free medium was employed (20).

Solubilization of virion2s. Purified virus suspended in
phosphate-buffered saline at a protein concentration
of 150 to 500 ,ug/ml was degraded by treatment with
2% sodium dodecylsulfate (SDS), 1%cYG 2-mercapto-
ethanol (ME), and 8 M urea for 2 to 3 hr at room
temperature. The samples, dialyzed for 2 to 3 hr
against 0.1% SDS, 0.1%7 ME, and 8 M urea in 0.01 M
phosphate buffer (pH 7.2), were then applied to poly-
acrylamide gels.

Polyacrylamide-gel electrophor0esis. Gels were made
as described previously (24) and consisted of 10%
acrylamide, 0.26%C0 N, N'-bis-methylene acrylamide,
0.1% SDS, and 0.1 M phosphate buffer (pH 7.2).
Samples (100 to 300 ,ug) of viral protein in 0.05 to 0.2
ml of buffer containing 10% sucrose were electro-
phoresed for 16 to 24 hr at 4 mamp per gel at 20 C.
After electrophoresis, the gels were fixed in 10%
trichloroacetic acid, stained with 0.025% Coomassie
blue, and destained in 7% acetic acid (11). Gels con-
taining radioactive proteins were frozen, sliced, solu-
bilized in H202, and counted (21).

Preparation of subviral particles (SVP). Among the
several methods tested, it was found that the outer
capsid component could be selectively removed from
the complete virion by treatment with 4 M urea in
phosphate-buffered saline for 3 min at 4C (8, 25).
The SVP were then separated by isopycnic sedi-

mentation in CsCl solutions.
Immunodiffusioni. The double gel-diffusion method

of Ouchterlony was carried out as described by Camp-
bell et al. (5). Antireovirus chick sera for all three
serotypes were kindly supplied by Philip Coleman of
the Communicable Disease Center, Atlanta, Ga. The
antisera had titers of 1/1,280 by hemagglutination-
inhibition reaction; with heterologouw serotypes, the
titers were less than 1/10.
RNA antd proteini anialysis. Orcinol (12) and Lowry

(10) procedures were employed to measure RNA and
protein, respectively. The base composition of viral
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RNA was analyzed according to the method of Salz-
man and Sebring (16).

RESULTS

Polyacrylamide-gel electrophoresis of viral
proteins. Purified preparations of all three reovirus
serotypes were dissociated by treatment with
SDS, ME, and urea, and the resulting solubilized
protein mixtures were examined by electropho-
resis in 10% polyacrylamide gels. The staining
patterns included three major bands (I, II, and
IlIb) and four minor bands (MI, 2, 3, and Illa;
Fig. 1). One of the minor bands (M3) was ab-
sent or difficult to detect with type 3 virions.
Reovirus type 3 was also labeled with 3H-amino
acids and was analyzed; the distribution of
radioactivity closely resembled the staining
patterns (Fig. 2). The proportion of total radio-
activity in each of the major components was:
I, 20%; II, 31 %; and III, which included a poorly
resolved minor band (a) and a faster, major
component (b), 27%,. The other minor bands
comprised the remaining protein. This method
probably provides a good estimate of the relative
amount of protein in each of these components,
since the virions were labeled with a mixture of
16 3H-amino acids.
The molecular weights of the various viral
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FIG. 1. Analytical polyacrylamide-gel eletrophor-o-
grams of the dissociated proteinis of reovirus types 1, 2,
and 3. Purified virus was solubilized as described in
Materials and Methods, and applied to 10%lc, gels.
Electrophoresis was for 24 hr at 4 mamp per gel. After
electrophoresis, the gels were fixed in 10%c, trichloro-
acetic acid, stained with Coomassie brilliant blue dye,
and destained by repeated washing with 7%lc acetic acid.
The origini (cathode) is at the top of the gels.

proteins were determined by comparing their
electrophoretic mobilities with those of proteins
of known molecular weights: ovalbumin (45,000)
and bovine serum albumin (67,000). It was esti-
mated that components 1, 11, Illa, and IlIb have
molecular weights of >100,000, 83,000, 44,000,
and 40,000, respectively. Electrophoresis of the
solubilized proteins in 10%N gel containing 8 M

urea yielded no additional bands, indicating that
reaggregation did not occur when analyses were
performed in the absence of urea. Electropho-
retic patterns similar to those in Fig. 1 were
also obtained with proteins from phenol-dis-
sociated particles, except that the four minor
bands were more readily seen with type 3 virus.

Immunological analysis. The immunological
reactivity of the solubilized proteins of all three
serotypes was investigated by the Ouchterlony
double gel-diffusion method. The proteins formed
a minimum of two distinct precipitin lines with
their respective homologous antisera (Fig. 3).
Similar bands were also obtained with heterolo-
gous antisera.
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FIG. 3. Immuntodiffusiont of solubilized protein
preparationis from reovirus serotypes I (RI), 2 (R2),
antd 3 (R3). Centter wells conztain anitisera againtst sero-
types I (Abl), 2 (Ab2), anid 3 (Ab3).

Selective degradation of the virion. It was of
interest to relate the proteins separated by gel
electrophoresis to the structural components of
reovirus particles. Previously it was reported that
the capsids of some animal viruses could be
disaggregated by heat treatment (14), but at-
tempts to remove the outer structural layer of
purified reoviruses by heating were unsuccessful.
Incubation at 52 or 56 C for different periods
(30 min to 3 hr) in the presence of different
amounts of NaCl (0.01 to 0.1 M) did not alter
the composition of the particles as determined by
buoyant density in CsCl and gel electrophoresis.
Of the several other procedures tested, the

most effective method for removing the outer
capsid structure selectively was brief exposure to
4 M urea at 4 C. The buoyant density in CsCl of
32P-labeled type 3 SVP prepared by urea treat-
ment was 1.46 g/cm3 (Fig. 4). Similar values were
obtained with 3H-amino acid-labeled type 3
virus or with nonradioactive reovirus types 1 and
2. Since whole virus particles have a buoyant
density of 1.37 g/cm3, SVP obtained by this
method could be readily separated from com-
plete virions by isopycnic sedimentation in CsCl.
The increased density of SVP was due to the
removal of most of the viral protein with reten-
tion of the RNA.

Electron microscopic examination of the par-

ticles purified by CsCl density-gradient centrif-
ugation revealed that the diameter of urea-
treated particles (SVP) was 45 nm as compared
to 70 nm for whole virions (Fig. 5). The SVP
had the size and structure expected for reovirus
particles with their outer capsid removed.
The solubilized proteins of SVP were analyzed

by polyacrylamide-gel electrophoresis. Only com-
ponents I and Illa were present (Fig. 6). The
predominant intermediate band (II) and com-
ponent Illb, as well as the several minor com-
ponents associated with the complete virion,
were absent from the SVP. The staining patterns
were corroborated with 3H-labeled viral protein
preparations (Fig. 7). The electrophoretic pattern
of solubilized proteins from the complete type 3
virion is shown in Fig. 7A. Components I,
II, and Illa and b were all present. After urea
treatment, the particles of buoyant density 1.46
g/cm3 in CsCl contained only the slowly migrat-
ing component I and component Illa (Fig. 7B).
Intermediate band II, component ITlb, and the
minor components were recovered from the top
portion of the CsCl gradient (Fig. 7C). These
findings strongly suggest that components II,
Illb, and the minor components comprise the
outer capsid of the complete virion. The small
quantity of component I, also found at the top of
the gradient, probably resulted from completely
degraded particles.
The amount of viral protein recovered from

the 3H-labeled SVP was 31 ' of the total added,
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FIG. 4. Isopycniic sedimenitation of SVP in CsCI.
Purified 32P-labeled reovirus type 3 preparations were
exposed to 4 u urea fbr 3 mill at 4 C, diluted with a
solutionz of CsCI to a denisity of 1.425 g/cm3, anzd
cenitrifuged at 33,000 revl/min for 24 hr. Samples were
collected from the bottom of the centrifuge tube, and
the radioactivity inisoluble in 5% trichloroacetic acid
at 4 C was counited onz menmbranie filters inz liquifluor-
toluenze.
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FIG. 5. Negatively stainted prepaIationis of Ieovillas type 3 (A) anid SVP (B). X 175,000.
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FIG. 6. Anialyticail polyacrylamide-gel electi-oplho-o-
ofthedisocitedProteins from reovirus type

(whtole virais) anid S VP. The pr-ocedariies for soluhili7a-
tioiz of' thte pr-oteinis, gel electr-oplior-esis, fixation anid

staininilg ar-e descr-ibedl in the text anid Fig. 1. Thte or-igini
(cathode) is at the top) of'the gels.

indicating that 69',o of the protein is present in
the outer capsid of the complete virion. This is in
good agreement with the results of chemical
analysis in which 27c% of the total protein was
recovered in the SVP (Table 1). In contrast,
almost 80%c of the viral RNA remained associated
with the SVP. The base composition of the SVP
RNA of each of the three serotypes was similar
to those of the complete virions, indicating
that both the double-stranded RNA and the
single-stranded, adenine-rich ribopolymer were
present in all preparations (Table 2). However,
adenine-rich RNA was apparently lost from the
SVP to a slightly greater extent than double-
stranded RNA, as shown by the reduced levels
of adenylic acid in SVP. The RNA was also
extracted from SVP with phenol and examined
by polyacrylamide-gel electrophoresis as de-
scribed previously (21). The 10 double-stranded
RNA segments were present in the same relative
proportion as in whole virus particles.

DIscUSSION
The structural proteins of the three reovirus

serotypes are similar qualitatively. At least seven
protein components can be separated by gel
electrophoresis from particles which have been
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solubilized by treatment with phenol or SDS,
ME, and 8 M urea. Furthermore, electrophoresis
in the presence or absence of 8 M urea yielded
similar patterns, suggesting that the different
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FIG. 7. Polyacrylamide-gel electrophorograms of
dissociated proteins derived from whole virus (A), SVP
(B), and SVP superntatantt fractioni (C). SVP were pro-
duced from purified reoviruts type 3 labeled wit/h 3H-
aminio acids. They were sedimented in CsCl as described
in the text and Fig. 4. The CsCi solutionz above the bantd
ofSVP (SVP supernlatanit) was dialyzed againtst sev-

eral changes of 0.01 .if phosphate buffer (pH 7.2) anid
concenitrated to the originial virus sample volume be-
fore solubilization anid electrophoresis.

TABLE 1. RNA anid protein conttent of
type 3 reovirus and SVP

Reovirus RNA IRemaining Protein Remaining

Al No Ag
Virion ...... 342 1,932
SVP........ 269 79 520 27

bands are not protein aggregates. In contrast to
components I and II, the molecular weights of
components Illa and IlIb are in the size range
of the structural proteins of polyoma, Sindbis,
and poliovirus (4, 23; R. E. Fine and W. T.
Mirakami, Federation Proc., p. 616, 1968). Reac-
tion with iodoacetamide to prevent reformation
of disulfide bonds (17) and amino acid analysis
of the protein bands should help establish whether
the various protein bands are distinct polypep-
tides or oligomers.
The solubilized reovirus proteins retained their

immunological reactivity. However, they cross-
reacted with heterologous, type-specific immune
sera, indicating that the dissociation of the virion
results in a loss of type specificity. This loss may
be due to the destruction of a specific protein(s)
involved in the immunological reaction. Alterna-
tively, the serological type-specificity may result
from the spatial arrangement of the native pro-
teins in the mature virion.
The selective removal of the outer capsid from

the complete virion by treatment with urea ap-
parently reflects a difference between the binding
forces involved in the arrangement of the protein
subunits in the outer capsid versus the inner-
layer structure. The nature of these differences
remains to be elucidated. At least five protein
components, representing 70% of the viral pro-
tein, are present in the outer capsid, whereas
only two proteins, or about 30% of the total,
are in the SVP. One of these may be a basic
protein associated with the viral nucleic acid.
Although 10 to 20%Cc of the adenine-rich,

single-stranded ribopolymer is lost after exposure
to urea, the base composition analyses indicate
that most of it remains associated with the SVP.
This finding indicates that the ribopolymer is
present within the virion rather than adsorbed to
the surface of the capsid.

TABLE 2. Base compositioni of reovirus antd SVP RNAa

Type 1 Type 2 Type 3
-Nucleotide

Virion S\VP Virion S\VP Virion SXVP

Cytidine monophosphate...... 15.8 18.8 18.2 19.4 17.7 19.5
Adenosine monophosphate ...... 49.5 40.4 42.2 38.4 42.3 37.5
Guanosine monophosphate.......... 14.0 18.3 17.8 19.5 17.0 19.1
Uridine monophosphate ............ 20.7 22.5 21.8 22.7 23.0 23.9

Values are expressed as moles per cent.

N

10

0lX-
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Proteolytic digestion of some strains of reovirus
has been reported to result in the formation of
subviral particles with an enhanced infectivity
(22). However, the SVP produced by urea
treatment were noninfectious, presumably due to
an effect of the denaturing agent on the SVP.
Noninfectious subviral particles have been iso-
lated from infected cells and produced by treat-
ing virions with sodium pyrophosphate (7).
Such preparations have a higher ratio of protein
to RNA and a lower buoyant density in CsCl
(1.41 g/cm3) than urea-treated SVP. Unlike the
urea-treated SVP, they retain remnants of capso-
meres on their surface.
The molecular weight of the reovirus genome

is about 15 X 106 daltons (21, 25; W. Millward,
Y. Watanabe, and A. F. Graham, Bacteriol.
Proc., p. 172, 1968), a size sufficient to code for a
large number of proteins. In the present investi-
gation, a minimum of seven structural proteins
were found. Since the viral genome is composed
of 10 different fragments (21; W. Millward, Y.
W. Millward, Y. Watanabe, and A. F. Graham,
Bacteriol. Proc., p. 172, 1968), it will be of in-
terest to determine which of the fragments con-
tain information for the synthesis of structural
proteins.
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