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Small Reovirus-Specific Particle with Polycytidylate-
Dependent RNA Polymerase Activity

PETER J. GOMATOS,* NICHOLAS M. STAMATOS, AND NURUL H. SARKAR
Memorial Sloan-Kettering Cancer Center, New York, New York 10021

We previously reported that virus-specific particles with polycytidylate
[poly(C)]-dependent RNA polymerase activity accumulated at 30°C in reovirus-
infected cells. These particles sedimented heterogeneously from 300 to 550S and
traversed through a 40% glycerol cushion to the pellet in 3 h at 190,000 x g. In
the present report, we found that smaller particles with poly(C)-dependent RNA
polymerase activity remained in the glycerol cushion. These smaller, enzymati-
cally active particles, when purified, sedimented at 15 to 16S. They were spherical
or triangular with a diameter of 11 to 12 nm. They were comprised mostly, and
likely solely, of one reovirus protein, sigma NS. No particles with poly(C)-
dependent RNA polymerase activity were found in mock-infected cells. Chro-
matography on the cation exchanger, CM-Sephadex, ascertained that sigma NS
was the poly(C)-dependent RNA polymerase and showed its existence in two
forms. In one form, it was enzymatically active and eluted from the column at 0.5
M KCI. In the enzymatically inactive state, it did not bind to the column. Our
results suggest that the enzymatically active form of sigma NS carries a greater
net positive charge than the inactive form. They also suggest that both forms of
sigma NS are associated with a particle which has poly(C)-dependent RNA
polymerase activity.

We reported previously that virus-specific
particles accumulated at 30°C in reovirus-in-
fected cells which responded in vitro to polycy-
tidylate [poly(C)] to yield the double-stranded
(ds) poly(C).polyguanylate [poly(G)] (8). The
particles with poly(C)-dependent RNA polym-
erase were heterogeneous in size, but most sed-
imented from 300 to 550S, with the peak fraction
sedimenting at 456S. We presumed that the
enzyme responding to poly(C) was the replicase
because the templates for both enzymes were
single-stranded (ss) RNAs and the products of
both were ds RNAs. The size of the poly(C).
polyriboguanylate synthesized in vitro was de-
pendent on the size of the poly(C) used as tem-
plate. The whole template was copied into a
complementary strand of similar size. A nearest-
neighbor analysis of the product labeled with
[32P]GMP indicated that the synthesis of the
poly(G) strand in vitro did not proceed by end
addition to the poly(C) template, but in fact
proceeded on a separate strand.
The particles with poly(C)-dependent RNA

polymerase activity described above were in the
pellet obtained by centrifuging cytoplasmic ex-
tracts through a 40% glycerol cushion at 39,000
rpm for 3 h. It was possible that smaller particles
with such activity were not recovered in this
manner. In this report, we find that smaller
components with poly(C)-dependent RNA po-

lymerase activity remained in the glycerol cush-
ion after the 3-h centrifugation and that they
were essentially comprised of one reovirus pro-
tein.

MATERIALS AND METHODS
Cells and virus. L cells, strain L929, a continuous

cell line derived from mouse fibroblasts, were grown
at 37°C in suspension in Eagle Spinner medium (5)
supplemented with 7% fetal bovine serum. BHK-21
cells, clone 13, were grown as monolayers in roller
bottles. The harvest from passage 2 of the Dearing
strain of reovirus (type 3, cloned [7, 9]) was used as
stock virus in all experiments described in this report.
The procedures for infection and incubation of cells at
30°C in the presence of actinomycin D (0.15 fig/ml),
for growth of labeled virus and plaque assay, and for
purification of cell-associated virus were as described
previously (7-9, 12).

Preparation of extracts from infected cells. For
labeling viral components with [3H]adenosine or with
[35S]methionine, actinomycin D at 0.15 jig/ml was
present throughout infection, including the viral ad-
sorption period. After adsorption, when [3H]adenosine
was the precursor used, Eagle medium or Eagle Spin-
ner medium supplemented with 7% fetal bovine serum
was added. When [35S]methionine was the labeled
precursor, Eagle medium minus methionine or Eagle
Spinner medium containing 33% of normal comple-
ment of amino acids, both supplemented with 7% fetal
bovine serum, was added. After 12 to 13 h at 30 to
31°C, either [;1H]adenosine at 10 ,uCi/ml or [35S]me-
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thionine at 2 to 13 MCi/mil was added. The labeled
precursor was present until harvest.
As reported previously (8), the L cells were pelleted

at time of harvest, washed with lx ST buffer (0.1 M
Tris-hydrochloride [pH 8.1], 0.01 M NaCi), resus-
pended at a concentration of 7 x 107 to 10 x 107 cells
per ml in lx ST buffer containing 1% Triton X-100
and 1% sodium deoxycholate, and disrupted in a
Dounce homogenizer. The BHK cells were scraped
from monolayers into phosphate-buffered saline (4)
and resuspended in the above detergent mixture for
disruption in a Dounce homogenizer. After centrifu-
gation for 8 min at 300 x g in a PR2 International
centrifuge, the supernatant fluid containing the cyto-
plasmic extract was collected. The nuclear pellet was
treated with 3 ml of the same detergent buffer per 1
ml of nuclear pellet, and the suspension was recentri-
fuged for 8 min at 300 x g. The supernatant fluid was
added to the main cytoplasmic extract.
An 8-ml portion of cytoplasmic extract was layered

over a 4-ml cushion of 40% glycerol (wt/wt) in TTX
buffer (0.001 M Tris-hydrochloride [pH 8.1] and 0.02%
Triton X-100) and centrifuged in an SW41 rotor at
4°C for 3 h at 39,000 rpm. After centrifugation, there
were four bands of visible material (Fig. 1): lipid-like
material which had floated to the top of the aqueous
layer; a band at the top of the glycerol cushion, region
1 (R-1); and two very close bands, region 2 (R-2),
about 5 to 10 mm below the buffer-glycerol interface.
The remaining glycerol layer, region 3 (R-3), which
appeared clear or was only marginally turbid, con-
tained no discernible bands of material. The material
in R-1 and R-2 and that in the lower 80% of the
glycerol cushion was centrifuged in an SW41 rotor at
4°C for 15 h at 40,000 rpm, and the pelleted material
from each was taken separately for further analysis.

Density and velocity gradient centrifugations.
The pelleted samples were resuspended and sonicated
for 3 min, layered on CsCl gradients (1.20 to 1.40 g/ml
in TTX buffer), and centrifuged in an SW41 rotor at
4°C for 5 h at 40,000 rpm. The gradients were unloaded
by collecting approximately 40 equal fractions from
above. A portion of each fraction was sampled to
determine the amount of radioactive material, and the
poly(C)-dependent RNA polymerase was identified by
assaying a portion of individual gradient fractions after
dialysis against TTX buffer or chromatography
through Sephadex G-50 Fine. The material with peak
enzymatic activity was layered over a 20 to 40% glyc-
erol gradient in TTX buffer and centrifuged at 4°C for
38 h at 27,000 rpm in an SW28 rotor or for 16 h at
40,000 rpm in an SW41 rotor. After centrifugation,
approximately 40 equal fractions were collected from
above, and a sample was taken from each to determine
the amount of radioactivity and enzymatic activity.
After identification of the fractions containing enzy-
matic activity, the material was applied to CM-Seph-
adex columns or was dialyzed against TTX buffer and
taken to dryness by lyophilization in preparation for
gel analysis. Alternatively, the material in the active
fractions was centrifuged at 4°C for 17 h at 45,000 rpm
in an SW50.1 rotor to obtain a pellet for visualization
in an electron microscope.
Column chromatography. The cation exchanger

CM-Sephadex C-25 (Pharmacia Fine Chemicals, Pis-

cataway, N.J.) was swollen in 0.001 M HEPES buffer
(N-2-hydroxymethylpiperazine-N'-2-ethanesulfonic
acid, pH 6.8) containing 0.1 M KCI and 5% glycerol. A
16- by 1.5-cm column was poured in the same solution.
It was thereafter washed with two column volumes of
0.001 M HEPES buffer with 5% glycerol but lacking
KCI, after which the column height increased about 1
cm. Chromatography was at 4°C.

Electron microscopy. The pelleted material, re-
suspended in 25 to 50,l of phosphate-buffered saline,
pH 7.2, was placed on a microscopic grid covered with
a carbon-coated Formvar film, stained with uranyl
acetate (20), and air dried. All specimens were exam-
ined at 80 kV with a Philips-300 electron microscope
equipped with a specimen cooling device.

Electrophoresis ofpolypeptides in 10% sodium
dodecyl sulfate-polyacrylamide slab gels in dis-
continuous Tris-glycine buffer systems. Condi-
tions for preparation of 10% slab gels, solubilization of
samples, and running buffers used were those de-
scribed by Maizel (2, 3, 15, 18) or alternatively those
described by Laemmli (13). After electrophoresis for
11 h at 100 V, the gel slabs were fixed and stained for
1.5 h in a 50% methanol solution containing 0.2%
Coomassie blue (Schwarz/Mann) to which a final con-
centration of 7% acetic acid was added before use. The
gels were destained in 7% acetic acid containing 20%
methanol. Subsequently, the gels were treated with
dimethylsulfoxide and PPO (2,5-diphenyloxazole) (1),
dried under vacuum, and processed for radioautogra-
phy on Cronex-4 Medical X-ray film (Dupont-de-
Nemours and Co.). Where indicated, the gels or films
were scanned at 525 nm with a Quick-Scan Jr. micro-
densitometer (Helena Laboratories, Beaumont, Tex.).
Assay for poly(C)-dependent RNA polymer-

ase. The assay mixture for poly(C)-dependent RNA
polymerase has been described previously (8), but will
be repeated because of its importance to the present
report. The reaction mixture contained the experimen-
tal sample in a final volume of 0.80 ml with 80 Mmol of
Tris-hydrochloride, pH 8.1, 1.9,mol of manganese
chloride, 5.5 ,umol of 2-mercaptoethanol, 10 ,tg of
poly(C), 0.005 ,umol of GTP, and 3 to 5 MCi of [a-
32P]GTP. Since guanylyl (3' to 5') guanosine was not
necessary for synthesis when Mn2" was the divalent
cation (8), it was omitted from the assay mixture. After
incubation for 20 to 25 min at 39°C, 200,Ig of bovine
plasma albumin was added to each reaction mixture,
and the reaction was terminated by addition of 0.1 ml
of saturated sodium pyrophosphate and 2 ml of 10%
trichloroacetic acid. The precipitated RNA was
washed as described previously (7). It was collected on
glass fiber filters, and the amount of radioactivity was
determined in a Packard scintillation spectrometer
with a toluene-based scintillation fluid.

Materials. Translation grade [3S]methionine and
the a-32P-labeled GTP were obtained from New Eng-
land Nuclear Corp., Boston, Mass. Unlabeled ribonu-
cleoside triphosphates and poly(C) (s20,w of 8 to 13)
were purchased from P-L Biochemicals, Milwaukee,
Wis.; actinomycin D was from Merck, Sharp, and
Dohme, West Point, Pa.; and sodium deoxycholate
was from Schwarz-Mann, Orangeburg, N.Y. Triton X-
100 and HEPES were from Sigma Chemical Co., St.
Louis, Mo.
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RESULTS
Purification of small particles with

poly(C)-dependent RNA polymerase activ-
ity. We previously found that particles with
poly(C)-dependent RNA polymerase activity in
cytoplasmic extracts of reovirus-infected L929
mouse fibroblasts (8) or BHK-21 cells sedi-
mented through a 40% glycerol cushion and col-
lected in the pellet, namely in region 4 (R-4) of
Fig. 1, after centrifugation for 3 h at 39,000 rpm.
To determine whether smaller particles with
such activity existed, in the present report we
analyzed material from extracts of the two cell
lines which remained at the glycerol-aqueous
interface and in the glycerol cushion after the
above centrifugation. Our approach for identifi-
cation of smaller particles with poly(C)-depend-
ent RNA polymerase activity was to label their
proteins with [35S]methionine and any bound
RNA with [3H]adenosine.

After the 3-h centrifugation, there was a visi-
ble band of material at the glycerol-aqueous
interface, region 1 (R-1), and two close bands
about 5 to 10 mm below the interface, region 2
(R-2). Region 3 (R-3), the remaining glycerol
layer below R-2, was visibly clear or at most only
slightly cloudy. When cells were labeled during
infection with [3H]adenosine in the presence of
actinomycin D, all three size classes of reovirus
ss RNAs (7) were found in material from R-1,
R-2, and R-3, with most labeled RNAs found in
R-3 (Fig. 2). No ds RNAs were detected in
material from these three regions, and all of the
ds RNA was in material which had pelleted in 3
h, namely in R-4.
Cesium chloride density gradient centrif-
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FIG. 1. Distribution in 40%o glycerol cushion (4 ml)
of material from cytoplasmic extract of reovirus-in-
fected L929 mouse fibroblasts or BHK-21 cells after
centrifugation at 4°C in an SW41 rotor at 39,000 rpm
for 3 h. Particles from the four regions, R-l through
R-4, were separated by collection from above. Details
of the preparation of cytoplasmic extracts are given
in the text under Materials and Methods.

ugation. The material from R-1, R-2, and R-3
which sedimented to a pellet at 40,000 rpm in an
SW41 rotor was separately resuspended in TTX
buffer, overlaid on preformed CsCl density gra-
dients (1.20 to 1.40 g/ml), and centrifuged at 4°C
at 40,000 rpm in an SW41 rotor. After this cen-
trifugation, most of the visible material in R-1,
R-2, and R-3 was in the top third of the CsCl
density gradient. Figure 3 shows this portion of
the gradient after centrifugation of an R-3 frac-
tion from mock-infected cells and from infected
cells harvested at 16 and 27 h after infection.
Band A is a yellowish band which is present in
all three samples. In contrast, band B is present
in R-3 material only from infected cells.
When the gradients after centrifugation of

material in R-1, R-2, and R-3 from infected cells
were collected into 40 equal fractions and each
was analyzed for its content of 35S-labeled reo-
virus proteins, it was found that the radioactive
proteins in material from all three regions dis-
tributed similarly in the density gradients with
the peak of radioactive proteins in particles in
fractions 30 to 32 (Fig. 4). It was in these very
fractions, 30 to 32, that the material of band B
of Fig. 3 was collected. In contrast to the accu-
mulation of the protein-containing structures in
the top third of the CsCl density gradient, the
majority of the reovirus ss RNAs in material
from R-1, R-2, and R-3 (shown in Fig. 2) accu-
mulated in the pellet and in fractions of the
lower one-half of the CsCl density gradients.
The density gradient centrifugation thus served
the very important function of separating the
labeled reovirus proteins from the reovirus ss
RNAs.
CsCl was removed from individual fractions of

the density gradient either by dialysis or by
chromatography through Sephadex G-50, and
the material in each fraction was assayed for
poly(C)-dependent RNA polymerase activity. It
was found that most particles with poly(C)-de-
pendent RNA polymerase activity in material in
R-1, R-2, and R-3 from infected cells were pres-
ent in fractions 30 to 32 of each gradient coinci-
dent with the visible band B of Fig. 3. The
distribution of enzymatic activity is shown only
for material in R-3 from infected cells (shaded
area of Fig. 4).
When cells were mock-infected for 27 h, some

labeled proteins were found in fractions 30 to 32
of the CsCl density gradients (shown only for R-
3 in the lowest panel of Fig. 4), and no poly(C)-
dependent RNA polymerase was found in any
of the gradient fractions of material from R-1,
R-2, or R-3 of mock-infected cells. The kinetics
of appearance of particles with poly(C)-depend-
ent RNA polymerase activity in material of re-
gions R-1, R-2, and R-3 were such that by 16 h

J. VIROL.
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FIG. 3. Distribution in CsCl gradient of material
from R-3 of mock-infected L cells harvested at 27 h
and reovirus-infected L cells harvested at 16 and 27
h. Equal amounts of cells were committed to the
different samples. The height of the cellulose nitrate
tubes used for the SW41 rotor was 88 mm. Conditions
of the CsCl density gradient centrifugation are de-
scribed in the text.

after infection 40% of maximal amounts of en-
zymatically active particles were present. Maxi-
mal amounts were found at 19 h after infection,
and the amount decreased at most by 10 to 20%
during the next 8 h.
Glycerol gradient velocity centrifuga-

tion. If the particles containing the poly(C)-de-
pendent RNA polymerase activity (fractions 30
to 32 of Fig. 4) were pelleted, further analysis
was not possible because the pelleted material
could not be disrupted. We were, however, able
to analyze the material in the gradient fractions
by diluting the CsCl and layering the diluted
fraction on a 20 to 40% glycerol gradient in TTX
buffer. After centrifugation at 4°C for 38 h at
27,000 rpm in an SW28 rotor, 40 equal fractions
were collected. Each was analyzed for 35S-la-
beled proteins and for poly(C)-dependent RNA
polymerase activity by incorporation of [32P]-
GMP into poly(C) -poly(G).

Particles with poly(C)-dependent RNA po-
lymerase activity from R-1, R-2, and R-3 sedi-
mented at similar rates, with sedimentation val-
ues ranging from 13 to 19S and with peak values
at 15 to 16S (Fig. 5). In contrast to the similar
distribution of particles with enzymatic activity
of R-1, R-2, and R-3, the distribution of 35S-
labeled reovirus proteins in the glycerol gra-
dients differed (Fig. 5). In material from R-1, the
labeled proteins and particles with active

pH 7.4) and 2x SSC (lx SSC = 0.15 M sodium
chloride-0.015 M sodium citrate) and treated with 3
pg of RNase A per ml for 30 min at 37°C, and the
remaining acid-insoluble radioactivity was deter-
mined after addition of 100 pig of bovine serum albu-
min. The total acid-insoluble RNAs in each of the
three regions are presented in the figure.

FRACTION NUMBER

FIG. 2. Distribution in 15 to 30% sucrose gradients
of in vivo-labeled reovirus RNAs present in material
from R-1, R-2, and R-3 of Fig. 1. BHK-21 cells were

infected at 30 to 31°C with reovirus in the presence
of actinomycin D (0.15 pg/ml) and labeled with
[3H]adenosine at 10 ,uCi/ml from 12 to 26 h when the
cells were harvested. Details are given in the text.
The cytoplasmic extract was overlaid on a 40% glyc-
erol cushion. After centrifugation at 4°C in an SW41
rotor at 39,000 rpm for 3 h, the material in R-1, R-2,
and R-3 was collected from above, and aportion from
each of the three regions was treated with sodium
dodecyl sulfate, Brij 58, and EDTA at final concen-

trations of 1.95%, 0.5%, and 0.0005 M, respectively.
Centrifugation in density gradients of 15 to 309%o su-

crose in TNE buffer (0.01 M Tris-hydrochloride-0.1
M NaCl-0.001 M EDTA, pH 7.4) was at 18°C in an

SW27 rotor at 26,000 rpm for 18 h. Equal fractions of
1 ml were collected from below and divided into two
sets. In the first set, the total acid-insoluble radioac-
tivity was determined after addition of 100 pg of
bovine serum albumin as described in the text. Frac-
tions in the second set were brought to 1x RSB (0.01
M Tris-hydrochloride-0.01 M NaCl-0.0015M MgC12,
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FIG. 4. Distribution in CsCl density gra4
"5S-labeled reovirus proteins in material fron
2, and R-3 and distribution ofparticles with
dependent RNA polymerase in material froi
infected L929 cells (shaded area). L929 cells
with reovirus or mock-infected in the pre
actinomycin D at 0.15 pg/ml were labeled wi
methionine at 2.5 tlCi/ml from 15 to 27 h wi

were harvested as described in the text. The c
mic extracts from infected or mock-infected C

represented the yield from 1.4 x 109 cells. 7
plasmic extracts were overlaid on the 40%
cushions for centrifugation for 3 h at 39,00(
done for Fig. 1. The material in R-1, R-2,
was collected from above, diluted two- to six)
/1Ao X ST buffer, and centrifuged at 4°C in a
rotor at 40,000 rpm for 15 h. The pelleted X
was resuspended in 1 ml of TTX buffer, G

sonicated, and overlaid on a CsCl density X
(1.20 to 1.40 g/ml in TTX buffer). The gradie
unloaded by collecting equal fractions of0.32
above. The radioactive profiles shown are j
radioactivity in a 5-1dl portion of each fract
bottom panel shows the distribution in the X

poly(C)-dependent RNA polymerase cosedi-
1.4 mented, and there were few 35S-labeled proteins

left at the top of the gradient. In material from
R-3, some 35S-labeled proteins also cosedi-

- mented with the enzymatically active particles,
1.3 E but most labeled proteins remained close to the

3 top ofthe gradient, and these were enzymatically
>_ inactive. The labeled proteins from R-2 distrib-

1.2 cz uted in an intermediate fashion, about equally
z with the enzymatically active particles and the

enzymatically inactive proteins at the top of the
gradient. The patterns shown in Fig. 5 were for
material from infected L929 fibroblasts, but the
same distribution of enzyme and labeled pro-
teins was obtained when similar fractions from
infected BHK-21 cells were analyzed. The en-
zyme in the glycerol gradient fractions can be
stored at -28°C for at least 8 months with little
or no loss in activity.
Protein composition of particles with

poly(C)-dependent RNA polymerase. The
35S-labeled proteins in the enzymatically active
fractions from R-1, R-2, and R-3 of Fig. 5 were

E ' analyzed in two different gel systems where par-
> ticular reovirus proteins migrate differently with

z respect to each other (2, 3, 16-18). In the La-
30 u- < emmli system, the reovirus proteins sigma NS

H ° and sigma 2 migrate together, or sigma NS mi-
:ij_ grates marginally slower. In the Maizel gel sys-

40 00 tem, the migration of sigma 2 is substantially
retarded relative to migration of sigma 3,
whereas that of sigma NS is not. Secondly, rel-
ative to mu 1C, the reovirus structural protein
mu 2 migrates marginally slower in the Laemmli
system, whereas mu 2 migrates slightly faster

lo than mu 1C in the Maizel gel system. In both
gel systems in our laboratory, the migration of
iiiu NS was faster than that of mu 1C.

dients of Whether the particles with poly(C)-dependent
n R-1, R- RNA polymerase activity were from R-1, R-2, or
'PolY(C)- R-3 of L929 mouse fibroblasts or BHK-21 cells,
infecte the protein sigma NS comprised greater thaninfetdtep
sence Of 90% of the "S-labeled reovirus proteins (Fig. 6)
ith [35s] and more than 85% of the proteins in R-2 and
hen cells R-3 that could be detected by staining with
cytoplas- Coomassie blue (Fig. 7). In addition to sigma
._77- L-Wells eacn
rhe cyto-
glycerol
9 rpm as
and R-3
old with
in SW41
material
lounced,
gradient
nts were
ml from
for total
ion. The
gradient

of labeled proteins in R-3 from mock-infected cells.
Not shown is that the distribution oflabeledproteins
in R-2 and R-1 of mock-infected cells was similar to
that of R-3 in the bottom panel. Individual gradient
fractions were dialyzed to remove CsCl before assay
for poly(C)-dependent RNA polymerase activity as
described in the text. The shaded area shows the
distribution ofpoly(C)-dependentRNA polymerase in
R-3 of infected cells. A similar distribution of enzy-
matic activity was found in R-1 and R-2 of infected
cells. No poly(C)-dependent RNA polymerase activity
was found in any fraction from mock-infected cells.
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FIG. 5. Distribution in 20 to 40%glycerolgradients

ofparticles labeled with [35S]methionine offractions
30 to 32 of Fig. 4 which synthesize poly(C)*poly(G) in
vitro in response to poly(C). The material in fractions
30 to 32 from the three regions shown in Fig. 4 was

separately combined, diluted sevenfold with 1/io X ST
buffer, and layered over a 20 to 40% glycerol gradient
in TTX buffer for centrifugation at 4°C in an SW28
rotor at 27,000 x g for 38 h. Equal fractions of I ml
were collected from above, and a portion of each
equal to 1/2o of each fraction was analyzed for 35S
content and for poly(C)-dependent RNA polymerase
activity as described in the text. The sedimentation
markers shown in the top panel were the two com-

ponents ofcatalase centrifuged in a separate tube. M.
G. Hamilton kindly performed a separate ultracen-
trifugal analysis ofcatalase from Pharmacia in TTX
buffer. The analysis showed catalase to contain two
components with sedimentation values of 11.5 and
6.0.

NS, other proteins that were most often, but not
always, present in enzymatically active fractions
from all three regions of L929 fibroblasts and
BHK-21 cells were as follows: (i) the viral struc-

tural proteins mu 2 and sigma 3 which were
present in varying amounts in different experi-
ments, from undetectable to 4% that of sigma
NS, and (ii) a putative host protein, HP of Fig.
7, with a molecular weight of 55,000 to 60,000
which was in extracts from both L929 and
BHK21 cells and was present in amounts from
undetectable to 4% that of sigma NS. When R-
3 glycerol gradient fractions from mock-infected
cells equivalent to the enzymatically active frac-
tions of infected cells were pooled, concentrated,
and analyzed on gels, no labeled proteins were
seen. The major proteins stained with Coomas-
sie blue were the host protein of 55,000 to 60,000
daltons, a protein equivalent in mobility to sigma
3, and a protein of 28,000 daltons. In particular,
no labeled or unlabeled protein the size of sigma
NS was identified in the glycerol gradient frac-
tions from mock-infected cells.
Morphology of particles with poly(C)-de-

pendent RNA polymerase activity. The ma-
terial in fractions of the glycerol gradients with
maximal poly(C)-dependent RNA polymerase
activity was pelleted at 4°C in the SW50.1 rotor
at 45,000 rpm for 17 h. Under these conditions,
the particles with poly(C)-dependent RNA po-
lymerase activity from R-1, R-2, and R-3 ex-
hibited different stabilities to the conditions of
centrifugation. More than 90% of the enzymatic
activity and 35S-labeled reovirus proteins from
R-1 sedimented to the pellet, whereas the cor-
responding recoveries in R-2 and R-3 were 50
and 30%, respectively. By electron microscopy,
the material pelleted from R-1 of infected L929
mouse fibroblasts appeared homogeneous and
contained nearly spherical particles 11 to 12 nm
in diameter (Fig. 8A). The material pelleted
from R-2 of infected L929 mouse fibroblasts (Fig.
8B) contained a few particles similar in mor-
phology to those found in R-1, but was composed
mostly of small granular material that could be
interpreted to be subunits of the spherical par-
ticles of R-1 and aggregates of the subunits. The
material in R-3 from infected L929 cells also
contained some of the nearly spherical particles,
but it consisted mostly of irregular structures
resulting from trace amounts of Triton X-100
remaining in the preparation (Fig. 80). In ma-
terial pelleted from the enzymatically active
fractions of the glycerol gradient from R-3 of
infected BHK-21 cells, many particles again
were seen, but these were slightly smaller and
were triangular rather than spherical in shape
(Fig. 8D).
The nearly spherical particles with an elec-

tron-luscent area from R-1 (Fig. 8A) appeared to
have a morphology similar to ferritin. However,
unlike ferritin, these particles could not be vis-
ualized without uranyl acetate staining, and
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FIG. 6. Analysis of the 35S-labeled proteins of R-1, R-2, and R-3 from infected L929 mouse fibroblasts
present in the glycerol gradient fractions of Fig. 5 with most poly(C)-dependent RNA polymerase activity. (A)
Laemmli Tris-glycine system; (B) Maizel Tris-glycine system. The proteins shown represent 3o of total in
fraction 19 from R-1, 3o ofmaterial in fractions 18 and 19 from R-2, and 5% of total in fractions 18 to 20 ofR-
3. Preparation ofsamples, solubilization, conditions for electrophoresis, andprocessing for fluorography were
as described in the text. The 35S-labeled proteins from purified reovirus were used as markers in the two gel
systems. Duration of radioautography: 40 h.
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FIG. 7. Densitometric tracing of migration in the
Laemmli gel system of proteins in pooled glycerol
gradient fractions with poly(C)-dependent RNA po-
lymerase activity. Glycerol gradient fractions 16 to 24
from the R-1, R-2, and R-3 ofL929 cells ofFig. 5 and
from a similarly prepared R-3 of BHK-21 cells were

separately pooled and centrifuged at 4°C in an SW
50.1 rotor at 45,000 rpm for 17 h. Greater than 90o of
total enzymatic activity in R-1, 50%o of that in R-2,
and 30%o of that in R-3 was recovered in the pelleted
material. The pelleted material was divided into two
unequalportions, with most committed to the electron
microscopy shown in Fig. 8 and the remaining for gel
analysis here. The conditions for solubilization and
electrophoresis in the Laemmli gel system and for
staining of gels with Coomassie blue were those de-
scribed in the text. Densitometric tracings of the
stained gels were made at 525 nm. Proteins present
in particles with poly(C)-dependent RNA polymerase
activity from: (A) R-1 (L929 cells); (B) R-2 (L929 cells);
(C) R-3 (L929 cells); and (D) R-3 (BHK-21 cells).

some particles had an electron-luscent channel
extending from the periphery to the center.
Moreover, we have determined that the particles
do not react in immunodiffusion with known
human, horse, or mouse antiferritin sera and
that human, horse, and mouse ferritins do not
have poly(C)-dependent RNA polymerase activ-
ity.
The gel scans in Fig. 7 were for proteins pres-

ent in each material visualized in Fig. 8. The
discrepancy between the amount of protein in
the pelleted material from R-1 (Fig. 7A) and the
number of particles seen in Fig. 8A is more

apparent than real. Less of the pelleted material
was available for gel analysis since most was

used for comparison with ferritin. The spherical
particles of R-1 of L929 cells have associated
with them host proteins with molecular weights
from 22,000 to 28,000 which were not present in
material pelleted from R-2 and R-3 (Fig. 7).
Because the material from R-2 and R-3 had
some of the spherical structures, it is likely that
the major protein of particles with this mor-
phology was sigma NS. What is certain is that
the major protein of the granular and triangular
structures observed in R-2 from L929 cells and
R-3 of BHK-21 cells was sigma NS.
Column chromatography. To establish

more firmly that sigma NS and the protein with
poly(C)-dependent RNA polymerase activity
were identical, we took advantage of a property
of both, dependent on characteristics differing
from those responsible for sedimentation behav-
ior. The method chosen for further purification
was affinity chromatography on the cation ex-
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FIG. 8. Electron micrographs of material with poly(C)-dependent RNA polymerase activity analyzed in
Fig. 7. (A) Pelleted from glycerol gradient fractions with enzymatic activity from R-1 (L929 cells); (B) from R-
2 (L929 cells); (C) from R-3 (L929 cells); and (D) from R-3 (BHK-21 cells).
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changer CM-Sephadex C-25. Results obtained
during chromatography were reproducible, and
greater than 90% of 35S-labeled proteins and
enzymatic activity was recovered in fractions
eluted from the column. Since sigma NS repre-
sented more than 90% of the labeled protein in
the poly(C)-dependent RNA polymerase puri-
fied through the glycerol gradient step, similar
behavior of both during chromatography would
support the conclusion that sigma NS had
poly(C)-dependent RNA polymerase activity. If
during chromatography a protein with poly(C)-
dependent RNA polymerase activity separated
from 35S-labeled sigma NS, the two proteins
were clearly different.
The glycerol gradient fractions with active

poly(C)-dependent RNA polymerase from R-3
of infected cells were pooled (e.g., those in Fig.
5) and applied to the cation exchanger in the
absence of salt. All proteins with enzymatically
active poly(C)-dependent RNA polymerase
bound to the column and eluted with 0.5 M KCl
along with about 40% of the 35S-labeled sigma
NS (Fig. 9). The remaining sigma NS either did

NO SALT OMmKC/ O.5MfKCIDO ~ ~~~~~~~~~~~~I

10~~~~~
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FRACTION NUMBER

FIG. 9. Distribution during chromatography on

the cation exchanger CM-Sephadex of 35S-labeled
sigma NS and protein with poly(C)-dependent RNA
polymerase activity. Glycerol gradient fractions 15 to
22 containing thepeak ofthepoly(C)-dependent RNA
polymerase activity of material in R-3 prepared sim-
ilarly to that described for Fig. 5 were pooled and
applied to the column equilibrated with 0.001 M
HEPES buffer, pH 6.8, containing 5% glycerol and
0.02%o Triton X-100 and washed in with the same

buffer. Equal fractions of I ml were collected at 4°C.
Elution was achieved as described in the figure. Flow
rate was about 20 ml/h. The eluate fractions were

assayed for 35S-labeled reovirus protein and for
poly(C)-dependent RNA polymerase activity. When
salt waspresent in the eluate fraction, it was removed
before assay for enzymatic activity by chromatogra-
phy through Sephadex G-50 Fine. The 35S-labeled
proteins not binding to the column and eluting at the
two salt concentrations were separately pooled, di-
alyzed against TTX buffer, lyophilized, and analyzed
by gel electrophoresis.

not bind to the column (40%) or was eluted with
0.1 M KCl (20%), and was enzymatically inactive
or minimally active. When analyzed on gels, the
mobility and width of the sigma NS band eluting
at 0.5 M or 0.1 M KCl or not binding to the
cation exchanger were the same (data not
shown, but similar to those of Fig. 6).
Our results suggest that the reovirus protein

sigma NS exists in two states. In its enzymati-
cally active state as poly(C)-dependent RNA
polymerase, it is modified to behave as more
positively charged than when enzymatically in-
active, since 0.5 M KCl was necessary to elute
the active sigma NS from the negatively charged
CM-Sephadex. The inactive sigma NS only
weakly bound or did not bind at all.

DISCUSSION
In this report, we described the isolation of a

reovirus-coded polypeptide, sigma NS, in a near
homogeneous state in which it represented more
than 90% of the protein present. This protein
was in a particle sedimenting from 13 to 19S
which had poly(C)-dependent RNA polymerase
activity, utilizing poly(C) as the template and
yielding the ds poly(C) * poly(G) as the product.
When additional proteins were present in these
particles in glycerol gradients, they were most
often two other reovirus proteins, mu 2 and
sigma 3, and a host protein of 55,000 to 60,000
daltons. We do not know the configuration of
the particles within the glycerol gradient, but
when pelleted they formed triangular or spheri-
cal particles with a diameter of 11 to 12 nm.
Particles with poly(C)-dependent RNA polym-
erase were not found in mock-infected cells, and
they were maximally present by 19 h after infec-
tion at 300C. We had reported previously that
the activities of reovirus transcriptase and rep-
licase were maximal at 15 to 18 h after infection
(8).
We purified the particles with poly(C)-de-

pendentRNA polymerase activity from material
in extracts of infected L929 mouse fibroblasts
and BHK-21 cells which had not sedimented
through a 40% glycerol cushion to the pellet in
3 h at 190,000 x g, but remained at the interface
or had penetrated into the cushion. By collecting
separately into a pellet the material in different
regions of the glycerol cushion, a large amount
of soluble host and viral protein was left back in
the supernatant fraction. The reovirus ss RNAs
and ribosomal components were separated from
the enzymatically active particles by CsCl den-
sity gradient centrifugation. The subsequent
glycerol gradient centrifugation removed a large
amount of reovirus proteins which had sedi-
mented to the same region of the CsCl density
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gradient. The final step in purification, chroma-
tography on a cation exchanger, separated sigma
NS in two states: one enzymatically active in
which it bound to the column, and an enzymat-
ically inactive form in which it weakly bound, or
did not bind at all, to the column material. Our
results suggest that in its enzymatically active
state, sigma NS carries a greater net positive
charge than when inactive and, moreover, that
active and inactive forms of sigma NS can be
present in the same particle which is enzymati-
cally active. Thus, inactive sigma NS does not
inhibit the enzymatic capacity of the active form
of sigma NS.
What else is known about sigma NS? It is the

translation product of the reovirus ss RNA seg-
ment, s3 (16, 17). The mutant group E, which is
ds RNA negative, is mutated in the ds RNA
segment from which s3 is transcribed (19). This
mutant group is defective in an early function
(6). Shortly after adsorption, shift-up of cultures
to nonpermissive temperature did not prevent
continued synthesis of ds RNA (11). Sigma NS
appears to be complexed with the three size
classes of reovirus ss RNAs in infected cell ex-
tracts (10). When purified, it bound in vitro to
reovirus ss RNA, and it also bound to columns
to which ribohomopolymers were covalently
linked. Finally, sigma NS is one of the four
proteins synthesized early in infected cells (14,
21,22).

Since sigma NS can bind reovirus ss RNAs
and we have shown in this report that it has the
capacity to copy poly(C) to yield the ds poly(C) -

poly(G), it would be tempting to speculate that
this protein can also copy bound reovirus ss
RNAs and yield ds RNAs.
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