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ABSTRACT
In vivo transcripts of the L (4.5 kb) and M (1.9 kb) dsRNA plasmids were

examined in type I killers of Saccharomyces cerevisiae . Transcripts for both
plasmids include full-length (l,m) and parti al-length (1 am ) single-stranded
species. Both L-dsRNA transcripts (l,la) have in vitro mRNA activity for L-
P1, previously shown to be identical to ScV-Pl, the 88,000 dalton major capsid
protein of the virus-like particles containing L- and M -dsRNAs. 1, but not
la, is bound to poly(U)-sepharose and may be polyadenylated. Other L-dsRNA
gene products and their transcripts may exist. For M -dsRNA, both species (m,
ma) have in vitro mRNA activity for M,-P1, the 32,000 dalton pre-protoxin
encoded by M -dsRNA. Both m and ma are bound to poly(U)-Sepharose and ma is
probably a 5 terminal fragment of m. A functional model for M1-dsRNA killer
plasmid structure is presented.

INTRODUCTION
Type I killer strains of Saccharomyces cerevisiae secrete an 11,500 dalton

polypeptide toxin (mycocin) that kills sensitive strains by disrupting cytoplas-
mic membrane functions (1,2). The genetic determinant of toxin production (K1+
phenotype) and of resistance to toxin (R1+ phenotype) is a cytoplasmically in-
herited 1.9 kb double-stranded (ds)RNA plasmid (Mi) that exists in 10-100 copies
per cell, along with larger numbers of a 4.5 kb dsRNA plasmid (L). Both are

encapsidated in separate virus-like-particles (VLPs) (3) called the ScV-L and
ScV-M1 components of the S. cerevisiae mycovirus, ScV. They are stably main-
tained by vertical transmission and resemble a primitive form of the Reoviridae
in the possession of a particle-associated transcriptase activity that produces,
in vitro, full-length, non-complementary, plus-strand copies of the M and L-
dsRNAs (4,5,6). As in reovirus (7), these transcripts may participate both in

expression and as templates for negative-strand synthesis in dsRNA replication,
perhaps accompanied by encapsidation. We have shown (8) that no substantial
pools of free dsRNA or capsid exist, suggesting that production of either. could
control the rate of VLP production.

L-dsRNA encodes the 88,000 dalton major capsid protein (ScV-P1) of both
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ScV-L and ScV-M, (8,9). If encapsidation is essential for ScV dsRNA mainten-
ance, this explains the apparent dependence of ScV-M on ScV-L, deduced from
the inability to find or generate strains containing only ScV-M, (e.-g.10).

Our strains (see below) and all known type I killers (with the exception
of strain K7) contain a heat-curable major L species (LA) and a heat-stable
minor species (LB or LB) (10,11,12). LA, LB, and LC can exist independently
and LA is, by itself capable of maintaining M (in strain K7) and probably
encodes ScV-P1 (11). The minor capsid proteins (8), ScV-P2 and ScV-P3, pre-
viously seen in both ScV-L and ScV-M VLP preparations, may be encoded by LB
or LC (11), although these proteins are also candidates for VLP transcrip-
tase activity. The independence of different L species suggests that each
encodes all of the plasmid encoded proteins required for its own maintenance.
Besides capsid, these might include transciptase or replicase components since
L-species are not necessarily monocistronic.

The complex nuclear and cytoplasmic controls over M-dsRNA maintenance
and expression, extensively studied at the genetic level by Wickner (13,14,
15), is a prime model for dsRNA plasmid-nuclear interactions in eukaryotic
microorganisms. At least 28 nuclear genetic loci (MAK) are required for main-
tenance of M1-dsRNA (13). Only 3 of these are also required for maintenance
of LA (11) and none are required for LB or LC. Thus replication of ScV-
M1, ScV-LA and ScV-LBC may differ substantially.

The M1-dsRNA encodes a major 32,000 dalton protein (M1-P1) believed to be
a precursor of ScV-P5, a glycosylated protoxin (16, 17). We have hypothesized
that ScV-P5 may also be a precursor of the hypothetical resistance determin-
ant. If so, M1-P1 may be the only gene product necessary for expression of
the killer phenotype and a single M1-dsRNA mRNA transcript may exist, although
it has also been reported (18) that fragmented M1-dsRNA is translated to give
an additional 19,000 dalton product.

Through the efforts of numerous laboratories, the yeast killer system is
rapidly becoming the best understood mycoviral system. However very little
information exists on the in vivo transcription or replication of mycoviral
RNAs. We now demonstrate the existence in killer cells of both full-length
and partial-length, single-stranded transcripts of both L and M -dsRNA, all of

which appear to be plus-stranded. We discuss potential functions and mech-
anisms of synthesis of these transcripts and propose a model for the func-
tional sequence of M1-dsRNA.
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MATERIALS AND METHODS
Yeast strains and media

The haploid killer strain K12-1 (a ade K+R+) and the sensitive strain
3/Al (a K-R-) were obtained from E.A. Bevan (Queen Mary College, London, Eng-
land). The dsRNA-free strain 1556 (a ade mal6, cyhr [cir-o] L-M-) was de-
rived by D. Livingston and obtained from RBWickner (Natl. Insts. of Health,
Bethesda, Maryland). YEPD and SMD media are described elsewhere (8).
Preparation, purification and size estimation of RNAs

Total cellular RNAs and dsRNA were prepared as previously described
(8,16). Individual dsRNA species were prepared from total dsRNA by 2 cycles
of preparative agarose slab gel electrophoresis (16). Total cellular RNAs
were analyzed by chromatography on CF11 cellulose (50 ig/ml bed volume) (16,
19), by poly(U)-Sepharose chromatography (0.6 mg RNA/ml bed volume) (20,21)
and by thermal elution poly(U)-Sepharose chromatography (21,22). RNA markers
used to size RNAs fractionated by formaldehyde/agarose gel electrophoresis
were: denatured L-dsRNA (4.5 kb), 26S yeast ribosomal RNA (3.0 kb), denatured
M ,-dsRNA (1.9 kb) and 17S yeast ribosomal RNA (1.5 kb). These defined a
linear relationship between log [length (kb)] and mobility (cm).
DNase and RNase hydrolysis
RNA preparations were treated with DNase or RNase, with or without 0.4 M

NaCl, as previously described (8). Analytical scale reactions contained up to
5 ug of RNA in a total volume of 40 Ill. The phenol phases were re-extracted
twice to ensure quantitative recovery of nucleic acids, and yeast tRNA was
added to 50 ig/Al for ethanol precipitation.
Cell-free protein synthesis and immunoprecipitation
Total cellular RNAs and dsRNAs (native and denatured) were translated in

a wheat-germ or reticulocyte (23) cell-free protein synthesis system using
[35S] methionine according to published procedures (16). Translation products
were analyzed by immunoprecipitation, electrophoresis and fluorography as
described previously (9,16). The mRNA activities for synthesis of the cor-
responding immunoprecipitated proteins were determined by densitometry of gel
autoradiograms using a Joyce-Loebl recording densitometer. Under the condi-
tions employed, the densitometry signal for these proteins was linearly pro-
portional to the concentration of added RNA. Preparation of antisera to cap-
sid (ScV-P1) and toxin (ScV-P4) in New Zealand white rabbits, purification of
the immunoglobulin fraction, and their characterization have been previously
described (16). Immunocompetition assays were as described elsewhere (16).
Hybridization selection

RNAs complementary to L- and M1-dsRNA were selected from total cellular
RNAs by hybridization to denatured dsRNA covalently attached to nitrocellulose
by a modification of the procedure of Alwine et al (24) for the attachment of
dsRNA (17). Selected RNAs were identified byTNAblot hybridization analysis
and by their translation in an in vitro protein synthesis system.
RNA blot hybridization analysis

Formaldehyde gel electrophoresis and blot hybridization of RNA were per-
formed as described elsewhere (25). Autoradiographic exposures were made with
Kodak XAR-5 film using Dupont Cronex Lightning-Plus intensifier screens.
Autoradiograms were optically quantitated using a Joyce-Loebl recording densi-
tometer. At appropriate autoradiographic exposure, densitometry signal was
linearly proportional to RNA content, as previously demonstrated by recon-
struction experiments using acid phosphatase mRNA (25). DNA was labeled by
nick translation (26) with [32P]dCTP (Amersham/Searle). dsRNA was kinase-
labeled after alkaline hydrolysis at 95C for 90 min in 0.05 M Tris, pH 9.5,
1 mM EDTA. Kinase reactions (1-10 jg dsRNA) were at 37C for 45 min in 100 jl
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of the hydrolysis buffer containing, in addition, 10 mM MgCl, 5 mM DTT, 5
units of T4 polynucleotide kinase and 1 mCi of crude y [3AP]ATP (ICN). Unin-
corporated label was removed by multiple ethanol precipitations of the RNA.

RESULTS
Complexity of products of translation of denatured MA - and L-dsRNA

In previous publications we demonstrated that denatured dsRNAs will serve

as translation templates in wheat-germ cell-free protein synthesizing systems,
programning the synthesis of authentic ScV proteins (9,16,17). The major and
largest product of L-dsRNA was L-P1 (88,000 daltons), shown by peptide mapping
to be identical to ScV-P1 capsid (9). Two minor components, L-P2a (85,000
daltons) and L-P4 (77,000 daltons, previously called L-P2; 9) were also preci-
pitated with anti-capsid and were shown to be truncated forms of ScV-P1
produced by premature termination of translation (unpublished observations).
Many minor components of smaller size were also produced. The products of M1-
dsRNA were a major 32,000 dalton preprotoxin (16,17) and a minor protein of

30,000 daltons. The reticulocyte cell-free translation system (23) has a much
lower background of endogenous products and is known for its low incidence of
premature chain termination. In this system denatured M1-dsRNA gave a single

product, the 32,000 dalton preprotoxin (Fig. 1A, lane f) (16,17). However,
denatured L-dsRNA still gave a complex mixture of products (Fig. 1A lanes
c,e,h). Since none of these were formed from native dsRNA (Fig. 1A, lane b,g),
they are derived from denatured dsRNA, rather than from contaminating single-
stranded mRNAs. The largest products, L-P1, P2 and P3, comigrated with ScV-
P1, P2 and P3. Only L-P1 and L-P4 were precipitated with anti-capsid IgG
(data not shown). L-P2 and L-P3 have not been further identified but are

candidates for unique VLP components encoded by L-dsRNAs. The nature of the

many smaller products is obscure, although the presence of L-P4, apparently a

truncated form of L-P1, suggests that translation of denatured L-dsRNA in the
reticulocyte system may be particularly inefficient, producing a series of
related protein fragments, in contrast to translation of denatured M1-dsRNA.

In the above experiments and elsewhere, we have utilized the insensiti-
vity of dsRNA to pancreatic RNase at high osmolarity to confirm the stranded-
ness of RNA species prior to denaturation. In 400 mM salt (but not in 20 mM

salt) RNA or messenger activity surviving RNase treatment is due to dsRNA,
while that destroyed in 400 mM salt is due to single-stranded RNA. As shown
in Fig. 1A, lane d, hydrolysis of K12-1 dsRNA with RNase in 400 MM salt, prior
to denaturation, had no effect on mRNA activity.
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In vivo mRNA for L-Pl and M1-P1 can be detected in total cellular RNAs

Three yeast strains were used to examine the in vivo transcripts of L and
M1-dsRNA: 1556 (K-R-), 3/A1 (K-R-), and K12-1 (K+R+). Strain 1556 cells con-

tain no detectable dsRNA. Strain 3/A1 contains only L-dsRNA, which comprises

about 0.4% of the total cellular RNA (9). Strain K12-1 possesses both L- and

M1-dsRNA at a mass ratio of L- to M1-dsRNA of 3.5 to 1: L- and M,-dsRNAs
represent 0.03 and 0.009% of the total RNA, respectively, in a molar ratio of

1:0.69 (Table 1). The major L species in both strains 3/A1 and K12-1 is LA

(11). The minor species have not been identified.
Native total RNA from these strains was translated in a wheat-germ sys-

tem. Immunoprecipitation of the products with anti-capsid IgG produced clear-

ly visible bands of L-Pl, L-P2a and L-P4, together with a high background of
non-specifically bound labelled protein, from RNA of strains 3/Al and K12-1

(Fig. 1B, lanes b,d). The authenticity of the specifically precipitated pro-

teins was confirmed by their absence in immunoprecipitates with pre-immune or

anti-toxin IgGs (Fig. 1B, lanes a,c and Fig. 1C) and in the products of

translation of RNA from strain 1556 (Fig. 1B, lanes e,f). The weaker L-Pl
mRNA activity for strain K12-1 is due to its lower L-dsRNA content. Anti-

toxin IgG precipitated M1-P1 from the products of translation of K12-1 total
RNA (Fig. 1C. lane b). The antigenicity of the reaction products was con-

firmed by immunocompetition with purified toxin (Fig. 1B, lane c). Thus mRNA
activity for M-P1 exists in cells of this killer species. No M1-P1 mRNA

activity was detectable in 3/A1 or 1556 total RNAs (Fig. 1C lanes d-h).
Although we have previously demonstrated that isolated dsRNAs only func-

tion as translation templates after thorough denaturation, and the products
described here were produced from undenatured RNA fractions, we felt it impor-
tant to establish that the templates assayed in these complex RNA mixtures

were single-stranded transcripts rather than the dsRNAs themselves. To demon-
strate the translational inactivity of dsRNA in total RNA translations, puri-
fied dsRNA from strain K12-1 was added to total RNA from strain 1556 or K12-1
at 0.1% or 1% of the total RNA, and the translation products of the unde-

natured RNAs analyzed by immunoprecipitation. Equivalent mRNA activities
were observed for transketolase (TK), enolase (EA), glyceraldehyde-3-phosphate
dehydrogenase (GPDH) and alcohol dehydrogenase (ADH) in native total RNAs from

both strains, with or without the addition of dsRNA; mRNA activities for L-Pl
and M1-P1 in K12-1 RNA were not enhanced by the addition of K12-1 dsRNA and no

L-Pl or M1-P1 mRNA activity was detected when K12-1 dsRNA was added to native

total 1556 RNA (data not shown).
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