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Encapsidation of Yeast Killer Double-Stranded Ribonucleic
Acids: Dependence of M on L
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Virus-like particles containing either L or M double-stranded ribonucleic acid
(dsRNA) were isolated from a killer toxin-producing strain of Saccharomyces
cerevisiae (K+ R+). At least 95% of M- and 87% of L-dsRNA were recovered in
virus-like particle-containing fractions. The major capsid polypeptides (ScV-P1)
of both L and M virus-like particles were shown to be identical, and 95% of the
cellular ScV-P1 was found in the virus-like particle-containing fractions. Since L-
dsRNA encodes ScV-P1, provision of this protein for encapsidation of M-dsRNA
defines at least one functional relationship between these dsRNA genomes and
associates the L-dsRNA with the killer character. If encapsidation of M-dsRNA
is essential for its replication or expression, then L-dsRNA plays an essential role
in maintenance or expression of the killer phenotype. The relationship between
the L- and M-dsRNA genomes would be analogous to that between a helper and
a defective virus. The presence of only minor quantities of uncomplexed dsRNA
and ScV-P1 suggests that their production is stringently coupled.

Cytoplasmic virus-like particles (VLPs) con-
taining multiple species of separately encapsi-
dated double-stranded RNA (dsRNA) are prev-
alent in fungi (22, 23, 41). In Saccharomyces
cerevisiae at least two distinct dsRNA species
exist: L-dsRNA (3 x 106 daltons) and M-dsRNA
(1.6 x 106 daltons) (1, 3, 10, 18, 32, 33). The killer
phenotype of yeast (E. A. Bevan and M. Ma-
kower, Abstr. Proc. XI Int. Congr. Genet. 1:202,
1963) is associated with the presence of M-
dsRNA (4, 25, 33) and is dependent upon a
number of host nuclear genes for maintenance
and replication (25, 30, 34, 36, 38). This pheno-
type includes killing capacity (K+ phenotype)
due to production of an exocellular polypeptide
toxin of about 11,500 daltons (27), and resistance
to this toxin (R+ phenotype). Most strains of
yeast which are sensitive to this toxin also fail to
produce it and have the (K- R-) phenotype. The
facility with which the killer phenotype can be
tested and the relative ease with which the
dsRNA and nuclear genomes can be isolated,
both physically and genetically, make this sys-
tem particularly suitable for the study of nu-
clear-cytoplasmic relationships (see reference 37
for a recent review).

Physical investigations have failed to detect
M-dsRNA in any strain lacking L-dsRNA.
These observations suggest a dependency of M-
dsRNA on L-dsRNA for its maintenance or rep-
lication. However, no functional relationship be-
tween these separately encapsidated dsRNA's

has been demonstrated, nor do most of the nu-
clear genes necessary for M-dsRNA mainte-
nance affect L-dsRNA, although mak-3 causes
a reduction in L-dsRNA content (40). In addi-
tion, L-dsRNA is almost always present in lab-
oratory strains of S. cerevisiae and is not subject
to loss under a variety of stressful growth con-
ditions (high temperature, presence of subin-
hibitory concentrations of cycloheximide or 5-
fluorouracil) which result in loss of M-dsRNA
and the K+ phenotype (14, 24, 35). It has there-
fore been suggested that unlike the better stud-
ied segmented Reoviridae genomes (21, 29) the
L-dsRNA and M-dsRNA of the yeast VLP sys-
tem may be unrelated and the L-dsRNA may be
an autonomous plasmid unrelated to the killer
character associated with the M-dsRNA genome
(7, 39). Fungal celLs are known to be capable of
harboring more than one distinct, segmented,
dsRNA-containing particle system that do not
undergo mutual phenotypic or genotypic recom-
bination (8, 9, 11).

In earlier publications (6, 20) we established,
by direct in vitro translation, that ScV-Pl
(88,000 daltons), the capsid polypeptide of L-
VLPs, is encoded by L-dsRNA. We also dem-
onstrated that translation of M-dsRNA in vitro
results in the synthesis of a 32,000-dalton poly-
peptide (M-Pl) containing the polypeptide se-
quence of toxin (ScV-P4). Bearing in mind that
VLPs containing M- and L-dsRNA are serolog-
ically related (16; A. J. Herring, personal com-
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munication) and that ScV-P1, by itself, exceeds
the coding capacity of M-dsRNA, we proposed
(6, 20) that L-dsRNA acts like a helper virus in
providing some necessary function or functions
(i.e., capsid polypeptide, formation or control of
replicase or transcriptase activity, etc.) essential
for the maintenance of the M-dsRNA. Previ-
ously, L- and M-dsRNA-containing VLPs have
not been critically compared for particle-associ-
ated polypeptides, mainly because of the diffi-
culty in obtaining homogeneous preparations.
Similar problems have hampered attempts at
identifying L or M particle-associated replicase
or transcriptase activities (M. Leibowitz and J.
Bruenn, personal communications).
We have developed a purification method that

generates homogeneous L- or M-dsRNA-con-
taining VLPs. We have shown the major capsid
polypeptide of the L- and M-dsRNA-containing
particles to be identical by peptide mapping. In
addition, we have demonstrated that at least
85% of the L- and M-dsRNA species found in
late log- to stationary-phase cultures are encap-
sidated and that there is little uncomplexed ScV-
P1 in the cell. From these results we conclude
that, if encapsidation is essential for replication
or expression ofM-dsRNA, then L-dsRNA plays
an essential role in maintenance or expression of
the killer phenotype as a helper genome encod-
ing the major capsid polypeptide for both L- and
M-dsRNA particles.

MATERIALS AND METHODS
Yeast strains and media. The yeast strains used

in this work are listed in Table 1. Strains 4/4D and 3/
Al were obtained from E. A. Bevan and D. Mitchell
(Queen Mary College, London). Strain S3 was ob-
tained from G. Fink and H. Fried (Cornell University,
Ithaca, N.Y.). Strain 2-1 was obtained in our labora-
tory by subcloning a stable K+ R+ clone from strain 4/
4D (J.A. Sturgeon, K.A. Bostian, K.E. Kerr, and D.J.
Tipper, Abstr. IX Int. Congr. Yeast Genet. Mol. Biol.
1978, p. 102). YEPD, pH 5.5, and low-phosphate
YEPD and SMD media, pH 4.7, were prepared as
described previously (30; K.A. Bostian, J.M. Lemire,
L.E. Cannon, and H.O. Halvorson, Proc. Natl. Acad.
Sci. U.S.A., in press).

Materials. Carrier-free 32Pi and 5,6-[3H]uracil (50
Ci/mmol) were obtained from New England Nuclear.
L-[3S]methionine (1,200 Ci/mmol) was purchased
from Amersham Searle. Pancreatic RNase A and pan-
creatic DNase (I) were purchased from Worthington

TABLE 1. S. cerevisiae strains

Strain Killer phenotype dsRNA's Killer gen-
otype

3/Al Sensitive, K- R- L KIL-o
4/4D Killer, K+ R+ L, M KIL-k
2-1 Killer, K+ R+ L, M KIL-k
S3 Suppressive, K- R- L, S KIL-s

J. BACTERIOL.

Biochemical Corp. Staphylococcus aureus V8 pro-
tease was obtained from Miles Laboratories. Electro-
phoresis grade agarose (Seakem) was from Marine
Colloids, Inc. All other reagents were as previously
described (6, 20; Bostian et al., in press).

Preparation and purification of '2P-labeled
dsRNA. Preparation of 3P-labeled dsRNA was made
from cells grown with vigorous aeration for 1 to 2 days
in 1 to 20 liters of low-phosphate YEPD. Label was
added at a cell density of 107 cells per ml to a final
concentration of 2.5 mCi/ml. After cell disruption and
preliminary RNA fractionation (6, 20), individual
dsRNA species were resolved and additionally purified
from rRNA and DNA by preparative agrose slab gel
electrophoresis on 1% agarose gels in TA buffer (40
mM Tris [pH 8.0], 20 mM NaOAc, 2 mM EDTA)
containing 1 ,ug of ethidium bromide per ml. The
dsRNA bands were localized by UV irradiation and
excised, and after freeze-thawing, the dsRNA was ex-
tracted from the gel by centrifugation (16,000 x g for
1 h). The extraction procedure was repeated twice
with equal volumes of 5 mM EDTA. Supernatant
fluids were pooled, and the dsRNA was precipitated
by addition of 0.1 vol of 5 M NaCl and 2 volumes of
-20°C absolute ethanol.
DNase and RNase hydrolysis. RNA preparations

were treated with DNase or RNase or both by incu-
bation at 37°C for 30 min in 20mM K2HPO4 (pH 7.6)-
4 mM MgCl2, with or without 0.6 M NaCl. Pancreatic
RNase (heated at 70°C for 1 h to destroy contaminat-
ing DNase) and pancreatic DNase were used at a final
concentration of 1 and 10,ug/ml, respectively. Samples
were treated with proteinase K at a concentration of
1 mg/ml for 20 min at 30°C, followed by standard
phenol extraction and ethanol precipitation (20), and
analyzed by agarose gel electrophoresis.

Preparation and partial purification of VLPs.
Cells for VLP production were grown to late stationary
phase (5 to 7 days) in 5 to 10 liters of YEPD with
shaking on an orbital shaker at 160 rpm for the first 2
days and 40 rpm for the remainder. Cells were har-
vested by centrifugation, washed once with cold dis-
tilled water, and finally resuspended in 1.5 ml ofPKE
buffer (30 mM Na2HPO4/NaH2PO4-150 mM KCl-10
mM EDTA, pH 7.6) per ml of packed cells. Cells were
disrupted at 4°C by shaking with glass beads for 15 to
18 min in an Erlenmeyer flask on an orbital shaker at
350 rpm at a ratio of 3 g of 0.45-mm glass beads per ml
of cell suspension. Breakage was monitored by phase
microscopy until 90 to 95% of the cells were broken.
After passing the slurry through a glass fiber mat, the
beads were washed with enough PKE buffer to yield
a combined filtrate at a four- to fivefold dilution of the
original suspension. The filtrate was cleared of cellular
debris by centrifugation at 10,000 x g for 30 min. The
resulting precipitate is referred to as the low-speed
precipitate (Table 2). The low-speed supernatant fluid
(Table 2) was then centrifuged to collect particles with
an S value equal to 150 in either a Spinco type 30 rotor
(90 min at 30,000 rpm) or in a Spinco type 19 rotor
(5.5 h at 19,000 rpm). The high-speed precipitate was
gently resuspended in PKE buffer with a Teflon-
coated glass homogenizer. This crude VLP preparation
was then enriched for VLPs by sucrose gradient cen-
trifugation on 10 to 40% (wt/vol) sucrose gradients in
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a Spinco type SW27 rotor (24,000 rpm for 3 h). Frac-
tions of 2 ml were collected from the bottom of the
gradient at a rate of 1.6 ml/min. A small portion of
each fraction (50 to 100 ptl) was extracted with water-
saturated phenol in microfuge tubes. After centrifu-
gation of the emulsion, the aqueous phase was re-
moved and adjusted to 30 mM EDTA. Samples were
directly and rapidly analyzed by electrophoresis on
0.5% agarose gels run at 8 mA/cm2 for 2 h.

Fractionation of L- and M-dsRNA-containing
VLPs. Fractions from the 10 to 40% (wt/vol) sucrose
gradients, which were shown by dsRNA analysis to be
enriched for encapsidated L- or M-dsRNA, were
pooled and immediately loaded onto 35 to 55% (wt/
vol) sucrose gradients. After centrifugation in a Spinco
SW27 rotor (24,000 rpm for 20 h), 0.5-ml fractions
were collected. A portion of each fraction was treated
at 60°C for 3 min to disrupt particles and analyzed for
dsRNA content by agarose gel electrophoresis on 1%
agarose gels. The protein composition of these frac-
tions was analyzed by treating samples at 100°C for 3
min in Studier buffer (31) and fractionating the dena-
tured proteins by electrophoresis on 7.5% polyacryl-
amide-sodium dodecyl sulfate (SDS) slab gels. If nec-
essary, L- and M-dsRNA peaks were separately pooled
and centrifuged again on 35 to 55% (wt/vol) sucrose
gradients.
dsRNA assay. dsRNA was quantitated in different

subcellular fractions after cell disruption and partial
purification of the dsRNA. Exogenous 32P-labeled S-
dsRNA (a discrete species of 0.73 x 10' daltons) was
added just after cell disruption as an internal indicator
of recovery during subsequent fractionation. This S-
dsRNA was obtained from strain S3 by purification as
described above. Small cultures (150 ml) of strain 2-1
were grown in low-phosphate YEPD medium with
[32P]orthophosphate (1.5 mCi/liter) to early stationary
phase, and cells were harvested, washed, and broken
in 4 ml of PKE buffer by blending in a Vortex mixer
three times for 15 s each with 2/3 vol of 0.45-mm glass
beads. The bead slurry mixture was washed five times
with 4 ml ofPKE buffer, and to the pooled supernatant
material 15 Lg of S-dsRNA (3.2 x 104 cpm/,ug) was
added. Portions of this total cell extract were fraction-
ated by low-speed or high-speed centrifugation (as
described for VLP preparation) and from the super-
natants or redissolved precipitates the nucleic acids
were extracted with phenol and isolated by ethanol
precipitation. The dsRNA was purified from contam-
inating single-stranded RNA and DNA by LiCl precip-
itation as described by Fried (15) and by hydrolysis
with DNase and RNase at high-salt concentration as
described above. The amount of L-, M-, and S-dsRNA
in each sample was determined after electrophoretic
fractionation on agarose gels by densitometry of the
gel autoradiograms on a Joyce-Loebl densitometer.

Preparation ofimmune sera and immunoglob-
ulin G fractions. Antisera to VLPs and ScV-P1 were
prepared by immunization of New Zealand white rab-
bits with VLPs isolated from strain 3/Al, or with
polyacrylamide preparative gel electrophoretically
purified ScV-P1, as previously described (20). The
immunoglobulin G fractions of the immune sera were
purified (20) and used for immunoprecipitation assay.
Immunoprecipitation assay of ScV-Pl. The

subcellular distribution of ScV-P1 polypeptide was
determined by immunoprecipitation assay after cell
disruption and fractionation. Cultures (30 ml) of strain
2-1 grown in SMD were labeled by addition of
[3S]methionine at a cell density of 107 cells per ml to
a final concentration of 15 ,Ci/ml. Cells were grown
to early stationary phase, and extracts were prepared
essentially as described above for dsRNA assay. Por-
tions of the extract were fractionated by low-speed or
high-speed centrifugation, and supernatants and redis-
solved precipitates were assayed by immunoprecipi-
tation. Solid-state immunoprecipitation reactions
were performed as previously described (Bostian et
al., in press). Each reaction contained 40 jg of immune
or preimmune rabbit immunoglobulin, 25 id of sample,
and 1.5 mg of protein A-Sepharose 4BCL. Immuno-
precipitates were analyzed after dissociation in 2x
Studier buffer for 4 to 5 min at 1000C by electropho-
resis on 10% polyacrylamide-SDS slab gels. The
amount of radiolabeled protein in the ScV-Pl band
was determined by densitometry after autoradiogra-
phy of the gel by the method of Bonner and Laskey
(5).
Peptide mapping. Pooled fractions of highly pur-

ified VLPs containing L- or M-dsRNA were dialyzed
extensively against 0.05 M Na2HPO4/NaH2PO4 (pH
7.6), lyophilized, and dissolved in a small volume of
water. These were digested in situ with S. aureus V8
protease as described by Cleveland et al. (13). Reac-
tions were performed at 37°C in 0.125 M Tris-hydro-
chloride (pH 6.8), 0.1% (wt/vol) SDS, and 1 mM
EDTA in a total volume of 350 1d. Protein concentra-
tions were approximately 2 mg/ml at either 25 or 125
,ug of protease per ml. After different incubation inter-
vals, samples were taken and made 2% (wt/vol) SDS-
1% (vol/vol) ,8-mercaptoethanol, and heated at 100°C
for 3 min. The p bptides generated by these procedures
were then analyzed and compared by electrophoresis
on SDS-polyacrylamide slab gels.

RESULTS
Purification and fractionation of VLPs.

When crude VLP preparations from the killer
strain 2-1 were centrifuged on 10 to 40% (wt/vol)
sucrose gradients, analysis ofthe dsRNA content
of fractions (Fig. 1) demonstrated a substantial
enrichment for VLPs in the fractions pooled (9-
14). This approach enables a rapid assessment
of particle location in overloaded gradients, thus
avoiding loss in yield by more extensive prelim-
inary purification. The VLPs in the pooled frac-
tions were then directly applied to a second 35
to 55% (wt/vol) sucrose gradient to avoid addi-
tional time-consuming manipulations that lead
to particle disruption. The separation of VLPs
containing L- or M-dsRNA thus achieved is
demonstrated by the dsRNA and protein pro-
files shown in Fig. 2. These indicate that the
pooled outer shoulders of the L and M VLP
peaks should yield preparations with less than
5% cross-contamination. Electrophoretic analy-
sis of the VLP proteins on polyacrylamide-SDS

VOL. 143, 1980
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_ - ~~~~~~~~~~~L-dsRNA
M-MdsRNA

FIG. 1. Preparation andpartial purification of VLPs. Crude VLPpreparations of strain 2-1 were made as
described in the text and enriched for VLPs by centrifugation on 10 to 40% (wt/vol) sucrose gradients.
Fractions containing VLPs were determined by assaying for dsRNA. Portions of each fraction were taken
and analyzed by ethidium bromide-stained 1% agarose slab gel electrophoresis as shown. Fractions I to 20
are from top to bottom of the gradient, respectively.

4.100 ~~~~~~~20001

80- ~~~~~~~~~~160

c0 ~~~~~~~~~~0-0 I
I IIIIIIIII0

40- a~~~~~~~~~~~~4

U S

6 a 10 12 14 16 18 20 22 24 26
FRACT ION

FIG. 2. Separation of VLPs containing L- or M-dsRNA. The enriched VLP preparation of strain 2-1
generated by the 10 to 40% (wt/vol) sucrose gradient centrifugation of Fig. I was fractionated by a 35 to 55%
(wt/vol) sucrose gradient centrifugation and the gradient fractions analyzed for dsRNA and protein content
as described in the text. The quantity ofL-dsRNA (@) and M-dsRNA (A) were determined by densitometry of
their EtBr-stained gel bands after electrophoresis on a 1% agarose slab gel. The quantity ofcapsidpolypeptide
(U) was determined by densitometry of its Coomassie blue-stained gel band after electrophoresis on a 10%
SDS-polyacrylamide slab gel.

gels reveals a single major polypeptide in both
L and M particles (Fig. 3). For L-dsRNA VLPs,
this protein has already been identified as ScV-
P1, previously estimated at 88,000 daltons (20).
Also observed in both L and M particles are two
minor polypeptides migrating at the same rate
as the species ScV-P2 and ScV-P3 previously
observed in particle preparations from strain 3/
Al, a nonkiller lacking M-dsRNA (20). No other
particle-associated polypeptides were consis-
tently detected by electrophoretic analysis of
these gradients.
ScV-Pl polypeptide encapsidates both L-

and M-dsRNA. L and M particles from the
distal shoulders ofthe 35 to 55% (wt/vol) sucrose

gradient fractionation were essentially free of
cross-contamination. The major polypeptides in
both preparations were shown to co-migrate on

SDS-polyacrylamide gels (Fig. 3) and to be spe-
cifically precipitated by anti-ScV-Pl antibody
(data not shown). These polypeptides were fur-
ther compared with each other and to ScV-Pl
obtained from the VLPs of strain 3/Al by pep-
tide mapping. Digestions were performed in par-
allel for various times with a constant amount of
S. aureus V8 protease. The partial hydrolysis
fragments were then resolved by electrophoresis
on a 10 to 15% polyacrylamide-SDS slab gel as
shown in Fig. 4. As seen, all three polypeptides
(ScV-Pl from strain 3/Al and the major poly-
peptide of L- and M-VLPs from strain 2-1) give
similar patterns. The proteins from VLPs of
strain 2-1 had been lyophilized and were conse-
quently less sensitive to protease, accounting for
the higher concentrations of enzyme used for its
hydrolysis (Fig. 4B and C). The enzyme accounts

J. BACTERIOL.
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for the two bands at about 38,000 daltons which
are prominent in Fig. 4B and C. The major
products at 30,000 to 32,000 daltons and at about
45,000 daltons in Fig. 4A are seen to be partial
hydrolysis products, since they are transiently
present in the more complete hydrolysis series
shown in Fig. 4B and C. The coincidence of both

abcd
135K-
93K we-ApScVP 1

67K-

53K-

36K-

30K-

FIG. 3. Protein profiles offfractionated VLPs. VLP
fractions containing L- or M-dsRNA from the 35 to
55% (wt/vol) sucrose gradients ofFig. 2 were analyzed
for their protein content by electrophoresis on a 10%
SDS-polyacrylamide slab gel. Lanes are (a) fraction
11 from distal shoulder of L-VLPs; (b) fraction 14
from peak ofL-VLPs; (c) fraction 19 from peak ofM-
VLPs; and (d) fraction 22 from distal shoulder ofM-
VLPs.

A
00Time." a0 X o e0 °°0
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partial and limit hydrolysis products confirms
the identity of the capsid proteins in the three
samples.
Association of VLP components. The en-

capsidation of M-dsRNA by ScV-P1, a protein
coded by L-dsRNA (20), suggests that encapsi-
dation is important for M-dsRNA maintenance.
We therefore wished to investigate the extent of
encapsidation of both M- and L-dsRNA in vivo
and also to obtain an estimate of the fraction of
ScV-P1 in particulate form. The susceptibility
of particles to breakage during cell disruption
and fractionation limits the recovery of both
protein and dsRNA in VLPs employing the ex-
perimental procedures described. We overcame
these problems by assaying for dsRNA or ScV-
P1 in crude extracts fractionated by differential
centrifugation. Reconstitution experiments with
exogenous radiolabeled ScV-P1 or S-dsRNA
show little nonspecific association of these solu-
ble components with membrane fractions ob-
tained from low-speed centrifugation or with the
particle fraction obtained by ultracentrifugation
of the clarified extract. The relatively high per-
centage of dsRNA recovered in encapsidated
form (Table 2) shows that VLPs are apparently
stable during cell breakage with glass beads.
Although 100% of the exogenous S-dsRNA is
found in the high-speed supernatant, 95% of M-
dsRNA and 87% of L-dsRNA are found in the
membrane or particle fraction, of which the ma-
jority is found in particles. Immunoprecipitation
of these fractions with anti-ScV-Pl immuno-
globulin G reveals that the majority of the poly-

B C
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PP~~~~~~~~~~~~~~~~~~~~~.. ......

...e..s|l | | | | l | _ re t-_= X $;zE~~~.........
I}z_ f _ _ _ Il * _..::g.*__

b

FIG. 4. Peptide maps ofcapsidpolypeptide from VLPs containing L- or M-dsRNA. The capsidpolypeptides
derived from (A) L-VLPs of strain 3/AI (K- R-), or from (B) L-VLPs, or (C) M- VLPs of strain 2-1 (K+ R+)
were compared by limited S. aureus V8protease hydrolysis. Digestions wereperformed in parallel for various
times, and the resulting peptides were analyzed by ekctrophoretic fractionation on a 10 to 15% SDS-
polyacrylamide slab gel. Lanes (a) and (b) are marker proteins ofknown molecular weight (20).
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peptide is associated with dsRNA in the high-
speed precipitate, presumably as intact capsid,
with a significant amount (17%) membrane as-
sociated. No additional particle-associated poly-
peptides were found after immunoprecipitation
with anti-whole VLP immunoglobulin G (Fig.
5). From these results it is clear that most of the
dsRNA and ScV-P1 found in these cells exist in

TABLE 2. Amount offree and particle-associated
dsRNA and ScV-P1 in the killer strain 2-1

% total dsRNA % Total
immuno-

Cellular fraction precipita-
L M S ble ScV-

P1

Low-speed precipi- 16.4 10 0 17.3
tate

Low-speed superna- 83.6 90.0 100 82.7
tant

High-speed precipi- 70.6 84.4 0 79.1
tate

High-speed superna- 13.0 5.6 100 3.5
tant

particles with little of either free in the cyto-
plasm.

DISCUSSION
Having obtained adequate amounts of homo-

geneous VLPs containing L- or M-dsRNA, we
have for the first time been able to assess their
polypeptide components unambiguously. By
polyacrylamide gel electrophoretic analysis, a
single major polypeptide (capsid) of identical
molecular weight is seen in both L- and M-VLPs.
We find the polypeptides associated with each
dsRNA species to be cross-antigenic and have
shown them to be identical by peptide mapping.
Previously, we have shown this peptide (ScV-
P1) to be encoded by the L-dsRNA genome (20),
thus defining one functional relationship be-
tween these dsRNA species and associating the
L-dsRNA with the yeast killer character. Since
there is no homology between L-dsRNA and
nuclear, mitochondrial, or 2,uDNA genomes
(K.A. Bostian, K. Beckingham, and J.E. Hopper,
unpublished data; 17, 39), the gene encoding the

abcdefghi j k Imnopqrst
i&fl. ...

e.."s

138K-

938

i:.:.&~~...... - CVP

67K- ;&^

36 | -

30K-
FIG. 5. Immunoprecipitation of various subcellular fractions with anti-ScV-P1 or anti-whole VLP immu-

noglobulin G. Cells of strain 2-1 were grown in SMD containing 15 ,uCi of[35S]methionine per ml, and cells
were harvested in early stationary phase. Cells were disrupted and fractionated by differential centrifugation
as described above. Solid-state immunoprecipitations were performed with protein A-Sepharose 4B CL with
anti-ScV-P1 or anti-whole VLP immunoglobulin G. Products were analyzed by autoradiography after
electrophoresis on a 10% SDS-polyacrylamide gel. Lanes (a to e) are total [35S]methionine-labeled proteins
present before immunoprecipitation in: (a) total cell extract; (b) low-speed precipitate; (c) low-speed super-
natant; (d) high-speed precipitate; (e) high-speed supernatant. Lanes (f to j) are the fractions of (a to e),
respectively, precipitated with pre-immune immunoglobulin G, and similarly lanes (k to o) precipitated with
anti-ScV-Pl immunoglobulin G, and lanes (p to t) precipitated with anti-whole VLP IgG.

J. BACTERIOL.
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M-dsRNA particle capsid polypeptide is solely
resident in the L-dsRNA genome, supporting
our hypothesis (6, 20) that encapsidation of M-
dsRNA by ScV-P1 may be one basis for the
apparent dependency of the M-dsRNA genome
on the L-species dsRNA (1, 3, 6, 20, 25, 32).
Because L-dsRNA maintenance is independent
of any M-dsRNA-encoded function, since L-
dsRNA can exist autonomously, the association
between M- and L-dsRNA resembles that be-
tween a defective and a helper virus rather than
that of components of an interdependent seg-
mented mycovirus genome.

If M-dsRNA maintenance or replication is
dependent upon encapsidation, then this finding
is sufficient to account for the apparent depend-
ency ofM-dsRNA on L-dsRNA. Moreover, since
the nonoverlapping single-stranded coding ca-
pacity of L-dsRNA is about 160,000 daltons of
protein, in addition to ScV-P1, L-dsRNA could
encode other polypeptides utilized by both
dsRNA species. A number of less abundant poly-
peptide translation products other than ScV-P1
have been observed when L-dsRNA is translated
in a reticulocyte cell-free system (K.A. Bostian
and R.L. Lee, unpublished data), and these may
represent such functions.
We have also demonstrated that at least 85%

of the total L-dsRNA and M-dsRNA is encap-
sidated in virus-like particles. Furthermore, 95%
of the capsid polypeptide was found in particu-
late form and not free in the cytoplasm. This
indicates a stringent control of VLP replication,
involving control of dsRNA maintenance or
ScV-P1 production or both. This control could
be exerted over both dsRNA and capsid protein
synthesis, or VLP production could be con-
trolled by dsRNA replication alone, with a rapid
turnover of capsid protein not incorporated into
VLPs. Conversely, control over capsid produc-
tion alone could control VLP production ifunen-
capsidated dsRNA were unstable or if dsRNA
were only synthesized from fully encapsidated
single-stranded primary transcript. Any of these
patterns would be consistent with the observed
paucity of free dsRNA and capsid protein. The
latter model, however, is supported by the find-
ings of Herring and Bevan that VLPs from grow-
ing cells synthesize both dsRNA as well as com-
plete single-stranded RNA transcripts of the
dsRNA genome (2, 19). The yeast system may
therefore undergo a replicative cycle similar to
reovirus (28), involving an intermediate mRNA
transcript which becomes a substrate for synthe-
sis of a complementary strand only when com-
plexed with virion polypeptide. In this way
translation of the mRNA strand is autoregu-
lated. By analogy, it is probably that although

L- and M-dsRNA genomes are separately encap-
sidated, their replicative cycles are not entirely
autonomous, but rather both are dependent
upon ScV-P1 derived from L-dsRNA for anti-
sense strand replication. It is not known, how-
ever, whether transcription or replication of the
M- or L-dsRNA genomes requires intact parti-
cles. The availability of homogeneous particle
preparations, gently and rapidly isolated, may
aid in investigating their properties.
The lack of a VLP infectious cycle and host

cell lysis (2) and the observation that the VLP
content of a given strain is relatively independ-
ent of growth phase (A. J. Herring, personal
communication; 26, 33) suggest that VLPs rep-
licate in step with the yeast cell. The above
results do not rule out a transient production of
naked dsRNA during a brief replicative phase of
a prolonged cell cycle. Density shift experiments
indicate that L-dsRNA synthesis occurs in all
phases of the cell cycle except in S (W. L. Fang-
man, personal communication), so that coupling
to DNA replication must be indirect. Clearly,
clarification of the replicative cycle and morpho-
genic development ofthe killer VLPs will require
analysis within the yeast cell cycle, which should
be aided by the dsRNA, particle, and protein
assays utilized above.
Because heteroduplex analysis of the yeast

dsRNA's and extensive genetic analysis of the
yeast killer system indicate that the L- and M-
dsRNA genomes are unrelated, and therefore
did not evolve from some common sequence, the
evolution of the present dependence of M-
dsRNA on L-dsRNA is not immediately ob-
vious. Presumably, the interdependent seg-
mented genomes of mycoviruses have evolved
from a linked genetic precursor, and perhaps, L-
and M-dsRNA evolved from a single genome by
fragmentation into segments essential for toxin
production and replication. However, the auton-
omy of L-dsRNA and its ubiquitous existence in
most yeast strains suggest that the yeast killer
system may have developed fortuitously from
autonomous and independent replicons. A sug-
gested mechanism for this comes from work by
Clare and Oliver (12). They have shown that
during adverse cellular growth conditions, such
as nitrogen starvation, L-dsRNA is degraded.
Presumably, the degraded nucleotides enable
the host cell to complete its cell division. How-
ever, not all of the L-dsRNA is lost during star-
vation, and the authors suggest that the encap-
sidated dsRNAs are the ones preserved. Perhaps
unencapsidated cytoplasmic dsRNAs could per-
sist in progenitors of contemporary yeast cells,
but ScV-P1 may have helped maintain the M-
dsRNA genome under stress conditions.
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