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The plasmid determinants of killer phenotypes in type K1 and K2 killer yeast cells are the 1.9-kilobase (kb)
Ml and 1.7-kb M2 double-stranded RNAs (dsRNAs), respectively. These are dependent for their maintenance
and encapsidation, in Saccharomyces cerevisiae virus ScV-M, or ScV-M2 virus-like particles, on the capsid
provided by one of a group of moderately related 4.7-kb dsRNAs called LA. The LIA and L2A dsRNAs found
in naturally isolated K1 and K2 killers encode 88-kilodalton VLlA-P1 and 86-kilodalton VL2A-Pl capsids,
respectively. These are competent for encapsidating homologous LA dsRNAs as well as M dsRNAs. Most
strains of S. cerevisiae, including killers, contain one of a second group of closely related 4.7-kb dsRNAs calied
LBC. These encode their own 82-kilodalton capsid protein, VLBC-P1, which, at least in strains containing only
LBc, encapsidates homologous dsRNA in ScV-Lnc virus-like particles. In a Kl killer strain containing both LlA
and LBC, ScV-M, particles contain only VLIA-Pl. In such strains it is probable that each virus-like particle
contains a single capsid type and that each L dsRNA is encapsidated by a homologous capsid.

Most strains of the yeast Saccharomyces cerevisiae con-
tain species of double-stranded RNA (dsRNA) called L (ca.
4.7 kilobases), encapsidated in cytoplasmic virus-like parti-
cles (VLPs). These VLPs are called the ScV-L component of
the S. cerevisiae "virus" (ScV) (16). The presence of a
second dsRNA called M (ca. 1.9 kilobases) is associated
with the secretion of a toxin (mycocin) which is lethal to
sensitive strains of this and related yeast species (4, 17, 27).
The determinants of type Kl and K2 toxin production and of
specific immunity to these toxins are the Ml and M2 dsRNAs.
These are found naturally only in cells also containing
variants of L called L, and L2, respectively (9). They are
separately encapsidated in cytoplasmic VLPs called ScV-Ml
and ScV-M2. M2 has little, if any, sequence similarity to Ml
(11), whereas L, and L2 show limited homology, possibly
restricted to near the 5' termini of their plus strands (1, 2).

Purified VLPs from both sensitive and type Kl killer
strains contain an 88-kilodalton (kd) protein comprising
more than 95% of the VLP protein, called ScV-P1 (8, 16).
ScV-P1 is identical to L-P1, the 88-kd and largest in vitro
translation product of denatured L dsRNA (16). ScV-Ml and
ScV-L were found to have identical VLP protein patterns
(8), and their 88-kd ScV-P1 components gave identical
peptide maps (8). ScV-P1 is clearly the major structural
component (capsid) of the VLPs in these strains, and de-
pendence of Ml dsRNA on L dsRNA must be due, at least in
part, to a requirement for a capsid encoded by L dsRNA for
Ml dsRNA encapsidation.

Several laboratories have recently demonstrated the co-
existence of at least two L dsRNA species of similar or
identical size in many S. cerevisiae strains. Those studied in
Kl killers and related strains by Sommer and Wickner (22)
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were called LA, LB, and Lc. Liquid hybridization showed
LB and Lc to be ca. 50% related, although neither showed
homology to LA. Maintenance of Ml dsRNA correlated with
the presence of LA which was always the major L dsRNA
species in killer strains. Since only LA was detectable in Kl
killer strain K7, neither LB nor Lc apparently plays an
essential role in Ml maintenance. In this strain, a single
major protein with an estimated size of 81 kd (22) was seen
and thus was presumed to be identical to ScV-P1 (8, 16). In
contrast, VLPs from strains containing only LB or Lc were
found to contain a mixture of protein components within
estimated size of 73 to 77 kd (22).

Field et al. (15), using similar strains, identified the major
L dsRNA species with L, (9) and called the minor species
La. La is presumably equivalent to LB or Lc. L, and La were
differentiated by terminal sequence analysis. La was also
found, together with L2, in K2 strains (15).

El-Sherbeini et al. (14), using a technique for rapid isola-
tion of dsRNA, showed that most Kl killer strains contained
two species of L-dsRNA which were barely separable by
agarose gel electrophoresis. Killer strains K7 and K22
contained only the faster-moving "L2" species which is,
therefore, presumably equivalent to LA. Maintenance of
both L2 and LA, but not "Li", LB or Lc, was found to be
dependent on MAKI0 (14, 22). The other five killers tested
also contained the slower-moving L dsRNA which presum-
ably equivalent to LB or Lc. It is probable that La, Li, LB,
and Lc are closely related L dsRNA species.
We have adopted a nomenclature (24; Table 1) that is an

amalgam of the K1-K2 system and the system described by
Sommer and Wickner (22). Thus, the L dsRNA in natural
killers that encodes ScV-P1 capsid is called L1A, and the
equivalent in natural K2 killers is called L2A. The other
species is called LB, Lc, or (where they have not been
differentiated) LBC-
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TABLE 1. Nomenclature for L dsRNAs and their associated
VLP components and translation products

LA family

Source
Natural association [HOK] [NEX] LBC familySource ~with. [EXL]
Ml M2 Phenotype

Sommer and LA LA LA-HN LA-E LB Lc LBC
Wickner
(1982)

Field et al. L1 L2 La
(1982)

El-Sherbeini "L1"
et al.
(1982)

Proposed:
L dsRNAs LIA L2A LA-HN LA-E LBC
Associate ScV-LIA ScV-L2A SCV-IBC
VLPs

VLP VLIA-P1 VL2A-P1 VLBC-P1
Capsids

Equivalent LIA-Pl L2A-P1 LBC-Pl
transla-
tion
products

We now identify Li with LBC, demonstrate that both are
contained in VLPs with a single, unique major 82-kd capsid,
and show that this capsid is encoded by LBC and is identical
to L-P2. L-P2 is a previously identified major translation
product of denatured total L-dsRNA from K12-1 (3), a strain
containing both LlA and LBC. We also confirm the identity of
ScV-P1 with L-P1 encoded by LlA and show that, in strains
containing both LlA and LBC, M1 is encapsidated only in
ScV-P1 derived from LlA. We also demonstrate that, al-
though LlA and L2A share some sequence homology, they
encode distinctly different capsid proteins. The L2A product
is the major capsid protein in VLPs of K2 killer strains
containing this dsRNA. A revised nomenclature for L dsRNA
translation products and VLP capsid proteins is proposed
(Table 1).

MATERIALS AND METHODS

Yeast strains and media. The yeast strains used in this
work and their genotypes, dsRNA contents, and sources are
shown in Table 2. YEPD medium has been previously de-
scribed (16).

Preparation, fractionation, and analysis of RNAs. Total
cellular RNAs and dsRNAs were prepared as previously
described (3, 5, 8). dsRNAs were also fractionated from total
cellular RNAs by chromatography on CF11 cellulose (50
,ug/ml [bed volume]) (16). Individual dsRNA species were
prepared from total dsRNA by two cycles of preparative
agarose slab gel electrophoresis (5). DNase or RNase treat-
ments, with or without 0.4 M NaCl, were as previously
described (3, 8). Analytical scale reactions contained up to 5
,ug of RNA in a total volume of 40 [li. After nuclease
treatment, nucleic acids were recovered by phenol extrac-
tion. The phenol phases were extracted twice with aqueous
buffer to ensure a quantitative recovery of nucleic acids.

Preparation and analysis of VLPs. Cells for VLP produc-
tion were grown for 24 h in 500 ml of YEPD medium with
shaking on an orbital shaker. Cells were harvested by
centrifugation, washed once with distilled water, and sus-
pended in 5 ml of TES/ME buffer (0.2 M Tris, 0.2 M EDTA,
1.2 M sorbitol, 0.1 M ,B-mercaptoethanol [pH 9.2]) and

incubated at 37°C for 10 min. Cells were washed once with
SCE (1 M sorbitol, 0.1 M sodium citrate, 10 mM EDTA [pH
5.8]), suspended in 10 ml of SCE plus 750 ,ul of zymolase (10
mg/ml) (pH 7.5), and incubated at 35°C for 2 h. Cells were
washed with SCE, suspended in 1.5 ml of PKE buffer (30
mM NaPO4 [pH 7.6], 150 mM KCl, 10 mM EDTA) per ml of
packed cells, and disrupted at 4°C by shaking with glass
beads for 15 min. Subsequent steps for purification and
fractionation of VLPs on sucrose gradients were as previ-
ously described (8).

Cell-free protein synthesis and immunoprecipitation. Total
cellular RNAs and dsRNAs (native and denatured) were
translated in a wheat germ or reticulocyte (18) cell-free
protein synthesis system, with L-[35S]methionine to label the
products as described in previously published procedures
(5). Translation products were analyzed by immunoprecipi-
tation, electrophoresis, and fluorography as described pre-
viously (3, 5, 6). The mRNA activities for synthesis of the
corresponding immunoprecipitated proteins were deter-
mined by densitometry of gel autoradiograms with a Joyce-
Loebl recording densitometer. Under the conditions em-
ployed, the densitometry signal for these proteins was
linearly proportional to the concentration of added RNA.

TABLE 2. S. cerevisiae strains"
Relative amts of

Strain Genotype Killer dsRNAs
phenotype Ml LIA LBC MN

S3 maklO-1 K- R- 0 0 0
K7-S1 arg9 K- R- 0 ++ 0
K12 ade2, -5 Kj+ R1+ + ++ 0
K12-1 ade2, -5 Kl+ R1+ + ++ +
K4 Kj+ RI + ++ +
K4(HC) K- R- 0 0 ++
K19 trp5 leul K1+ R1 + ++ +
MES-7 K4(HC) x Kj+ R1j + ++ +

K19
K382-23A spoil ura3 K1+ R- (+) + +

cyh2 ade2
can] his7
hom3

K396-11A spoil ura3 K- R- 0 ++ +
adel his]
leu2 bys7
met3 trp5

C27 MES-7(HC) K- R- 0 ++ +
C26 MES-7(HC) K- R- 0 0 ++
S3 x K382-23A
3 MAK-10 K1R1- (+) + +
8 mak-10 K- R- 0 0 ++
S3 x K396-11A
K MAK-JO K- R- 0 ++ +
M mak-10 K- R- 0 0 ++
S3 x K4
B MAK-10 K1+ R1 + + ++
A mak-10 K- R- 0 0 ++
S140 mktl lysl K- R- 0 0 LB
1686 argl thrl K- R- 0 0 Lc
Y110 K2 R2- ++ 0 (+)
482 K2` R2 ++ + (+)

a Abbreviations: HC, heat curing of Ml or of both Ml and LIA- 0, (+). +.
and + +, approximate relative amounts of dsRNAs (undetectable, low,
moderate, and high, respectively). LB and Lc have only been separately
identified in strains S140 and 1686, obtained from R. Wickner (20). Strains 3
and 8, K and M, and B and A are haploid derivatives of the indicated crosses.
Strains S3, K7, K7-S1, K12, K4, K19, MES-7, K382-23A. and K396-11A were
previously described (13). Strains Y110 and 482 were from D. Rogers. The
derivation of all other strains is described in the text.
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Li
" L2

FIG. 1. Gel electrophoretic separation of "Li" (LBC) and "L2"
(LIA) dsRNAs in various yeast strains. The rapid total dsRNA
isolation procedure previously described (14) was employed. The
strains and their dsRNA contents are listed in Table 2. In sequence,
they are M. K. 8. C26, C27, B. and A (lanes a to g. respectively).
Quantities of dsRNA are too small to allow visualization of M
dsRNA in the killer strain B. Li is the slightly slower migrating
species corresponding to LBC; L2 is the more rapidly migrating
species corresponding to LIA.

The preparation of antiserum to the 88-kd capsid (ScV-Pl:
electrophoretically purified from cells of strain 3/Al) in New
Zealand White rabbits, purification of the immunoglobulin
fractions, and immunoglobulin characterization have been
previously described (5, 8).
RNA blot hybridization analysis. Formaldehyde gel elec-

trophoresis and blot hybridization of RNAs were performed
as described elsewhere (3). Autoradiographic exposures
were made with Kodak XAR-5 film with Dupont Cronex
Lightning-Plus intensifier screens. Autoradiograms were op-
tically quantitated with a Joyce-Loebl recording densito-
meter. At the appropriate autoradiographic exposure, the
densitometry signal was linearly proportional to the RNA
content, as previously demonstrated (7). dsRNA was hydro-
lyzed at 95°C for 90 min in 0.05 M Tris (pH 9.5)-I mM EDTA
and then labeled with T4 polynucleotide kinase. Kinase
reactions (1 to 10 pLg of dsRNA) occurred at 37°C for 45 min
in 100 tl of the hydrolysis buffer containing, in addition, 10
mM MgCl2, 5 mM dithiothreitol, 5 U of kinase, and 1 mCi of
crude [y-32P]ATP (ICN Nutritional Biochemicals). Unincor-
porated label was removed by multiple ethanol precipita-
tions of the RNA.

Protein characterization. Peptide maps were obtained by
partial proteolysis with Staphylococcus aiureius V8 protease
through a modification (K. A. Bostian. manuscript in prep-
aration) of the method of Cleveland et al. (12). Lanes
containing multiple bands of purified VLP proteins and L
dsRNA in vitro translation products were cut out of 10%
acrylamide gels, placed in the sample wells of a second 10 to
15% sodium dodecyl sulfate-polyacrylamide gel, overlaid
with S. airelus V8 protease, and electrophoresed into the
stacking gel. Hydrolysis was then allowed to occur for 30
min before electrophoresis. Final protease concentrations
were within the range from 0.1 to 200 jig/ml.

RESULTS
Construction of homologous pairs of strains differing in LIA

dsRNA content. Several pairs of strains with identical cyto-
plasms but differing in LlA and M1 content were obtained by
crossing appropriate haploid killers (containing M1, LlA, and
LI) with strain S3. a rnaklO mutant lacking all detectable
dsRNA (14). Sporulation of the diploid killers gave a 2:2
ratio of segregation of killer (MAKIO; retaining LIA and M1)
and ,naklO non-killer strains (lacking LIA and Ml). All
retained LI. Such killer-sensitive pairs include strains 3 and

8, strains K and M, and strains B and A (14) (Table 2). A
fourth pair of strains, C26 and C27, was obtained from killer
strains MES-7 (14) by differential heat curing (26). Strain C26
resulted from rigorous treatment, causing the loss of both Ml
and L1A; milder treatment, leading to the loss of M1 only,
produced strain C27. Both strains retained Li (Table 2).
These strains were screened for their L genome content

by gel electrophoresis of rapidly isolated total dsRNA (14)
(Fig. 1). It can be seen that strains M, 8, C26, and A contain
only the slower migrating Li, whereas strains K, C27, and B
also contain L1A. M1, present in killer strain B (lane f),
comprised only ca. 10% of the total dsRNA concentration
(by mass) and was not visible at these dsRNA concentra-
tions.

Northern blot hybridization analysis of L dsRNAs with LIA
and LI probes. Denatured total dsRNA from several strains
was fractionated by gel electrophoresis and analyzed by
Northern blot hybridization (Fig. 2). Two probes were used,
Li (LBC) from strain M and LlA from strain K7-S1, a
non-killer strain derived from strain K7 (containing LlA and
M1 [14, 22]) by spontaneous loss of M1 (Table 2). The Li
probe reacted identically with its homologous dsRNA and
with LB and Lc dsRNAs (Fig. 2B, lanes d, b, and c,
respectively). All three of these dsRNAs failed to react with
the LIA probe (Fig. 2A, lanes d, b, and c). The L dsRNA
from strain K12, like that of strain K7-S1, reacted only with
the LlA probe (Fig. 2A, lanes a and e) and so also contains
only LlA (Table 1). This was also true of total dsRNA from
strain 2-1 (data not shown). The L dsRNA in strain K, which
contains both LI and LlA species, reacted with both probes
(Fig. 2A and B, lanes f) as expected, as did the L dsRNA
from strains K12-1 and 3/Al (data not shown). Strain K12-1
is a subclone of K12. Although these strains have been
separately maintained for ca. 10 years, neither has under-
gone deliberate genetic manipulation. Thus, the presence of
Li (LBC) in K12-1 and its absence in K12 is an unexplained
result of the separate maintenance of the subclones.

A
a bcd e f g

11At'

I
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B
a b c de f g

i

FIG. 2. Northern blot hybridization analysis of total L dsRNAs.
Total dsRNAs isolated from the indicated strains were fractionated
by gel electrophoresis under denaturing conditions (2) and were
detected by hybridization to denatured, fragmented, kinase-labeled
RNA probes and autoradiography (see the text). Denatured LlA
(IIA) and LBC (lB/C) migrate identically in this procedure. The
migration position of denatured Ml is as indicated. (A) Probe LlA
from strain K7-S1. Lanes a, Strain K12 (LlA and M1); lane b, strain
S140 (LB); lane c, strain 1686 (Lc); lane d, strain M (LBC); lane e,
strain K7-S1 (L1A)I lane f. strain K (LlA and LBC); and lane g. strain
Y11O (L'A and M.). (B) Probe LBC dsRNA from strain M. Lanes
were as in part A. The identity of the minor species of ca. 1 kb seen
in lane b (arrow) is unknown.
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FIG. 3. Comparative sizes of reticulocyte translation products of
strain K12-1 dsRNAs and of ScV-P1, ScV-P2, and ScV-P3 VLP
protein components derived from the same strain. Translation
products, labeled in vitro with L-[35S]methionine, were fractionated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
detected by autoradiography (see the text). The migration positions
of major translation products L-P1, L-P2, L-P3, and L-P4 and M1-P1
are as indicated. Lane a shows Coomassie-stained VLP components
ScV-P1, ScV-P2, and ScV-P3, marked with radioactive ink before
autoradiography; lanes b through g show total translation products;
lanes h to j show products fractionated by immunoprecipitation.
Lanes b and c, respectively, show native and denatured strain K12-1
total dsRNA; lanes d and e, respectively, show native and dena-
tured L-dsRNA (LIA and LBC) isolated from strain K12-1; lanes f
and g, respectively, show native and denatured M1 isolated from
strain K12-1. Lanes h, i, and j show the fraction of the products
shown in lane c immunoprecipitated by preimmune, antitoxin, and
anticapsid (ScV-P1) immunoglobulin G preparations, respectively.

These data confirmed the marked similarity between LB
and Lc reported by Sommer and Wickner (22) and also
demonstrated that they are closely related to the Li species
in strains M, K, 3/Al, and K12-1. They are all presumed to
be members of a relatively homologous L dsRNA subgroup.
Following the nomenclature of Sommer and Wickner (22),
we shall henceforth refer to them as LBC (Table 1). All lack
detectable homology to L1A. The L2A from K2 killer strain
Y110 (Fig. 2A and B, lanes g) is discussed below.

Complexity of products of translation of L dsRNAs from
strain K12-1. Translation of total dsRNA or total L dsRNA
from strain K12-1 in the reticulocyte system (18) gave four
high-molecular-weight bands, L-P1, L-P2, L-P3, and L-P4
(88, 84, 78, and 75 kd, respectively; Fig. 3, lanes c and e) (3).
Many lower-molecular-weight species were also produced.
As previously shown (16), L-P1 is identical to ScV-P1, and
L-P2 and L-P3 comigrate with two minor, uncharacterized
VLP proteins, ScV-P2 and ScV-P3 (Fig. 3, lane a). Only
L-Pl and L-P4 were precipitated by antiserum raised against
ScV-P1 capsid (anticapsid immunoglobulin G; Fig. 3, lane j).
L-P4, originally called L-P2 in the products of translation in
the wheat germ system (16), has no comigrating counterpart
in VLP preparations.
The relatedness of the total K12-1 L dsRNA translation

products was assessed by a two-dimensional modification of
the gel electrophoretic peptide mapping technique of Cleve-
land et al. (12) (Fig. 4). L-P1 and L-P4 clearly gave almost
identical terminal hydrolysis products (Fig. 4, panel G)

A B C D E F G
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FIG. 4. Peptide maps of L-P1, L-P2, L-P3 and L-P4 derived from
reticulocyte translation of strain K12-1 total denatured dsRNAs.
Seven samples of total translation products were fractionated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Fig. 3,
lane c). Excised gel lanes were loaded laterally into seven separate
10 to 15% sodium dodecyl sulfate-polyacrylamide gels together with
increasing quantities of S. aureus V8 protease and were refraction-
ated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
after 30 min of hydrolysis. Each panel shows the autoradiographic-
ally detected fragments derived from the 92- to 67-kd regions of the
original gels. The migration positions of L-P1, L-P2, L-P3, and L-P4
in the first dimension are shown vertically above each panel. The
products fractionated diagonally in the 92- to 67-kd region represent
residual unhydrolysed proteins. Quantities of V8 protease employed
in panels A to G were 0.005, 0.01, 0.025, 0.05, 0.1, 1, and 20 ,ug,
respectively.

derived with similar kinetics from partial hydrolysis prod-
ucts, almost all of which are also of identical size. L-P4 must
be a fragment of L-P1, presumably lacking ca. 15% of the
L-P1 C-terminal sequence, due to premature termination of
translation; that is consistent with its antigentic cross-reac-
tivity.
L-P2 and L-P3 showed no relatedness to each other nor to

L-P1 or L-P4. L-P2, a major translation product, was
extremely labile to proteolysis (Fig. 4, panel A), and L-P3
had a refractory "core" of large fragments resistant to all
but the highest protease concentrations (Fig. 4, panels F and
G). The many lower-molecular-weight dsRNA translation
products gave patterns which identified most of them as
fragments of L-P1, L-P2, or L-P3 (data not shown).
We conclude that strain K12-1 total L dsRNA encodes

three major unique in vitro products, L-P1, L-P2, and L-P3.
Only the largest of these, L-P1, has previously been identi-
fied with an in vivo product (ScV-P1). This identity was
confirmed by peptide mapping (see below).

In contrast to the complexity of the products of translation
of L, the translation of denatured M1 produced a single
product, the M1-P1 preprotoxin (Fig. 3, lane g) (3, 5).
Antitoxin immunoglobulin G (5) precipitated only M1-P1
from the products of translation of total dsRNA (Fig. 3, lane
i). Premature termination of translation ofdenatured dsRNAs
in the reticulocyte system appears, therefore, to be re-
stricted to the L species.
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FIG. 5. Translation products of total dsRNAs from various strains. The products of reticulocyte translation of denatured total dsRNAs of

the indicated strains, labeled with L-[15S]methionine, were fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
detected by autoradiography. Migration positions of the major high-molecular-weight products of translation of total L dsRNA (LlA plus LBC)
from strain K12-1 (L-P1, L-P2, L-P3, and L-P4) and of total L dsRNA (L2A) from strain Y110 (L-PS, L-P6, and L-P7) are as indicated.
Controls show the products of translation of strain K12-1 native total cellular RNA and native total dsRNA (Panel A, lanes a and b,
respectively) and the endogenous products of the reticulocyte system (Panel A, lane c). All other lanes show the products of purified,
denatured dsRNAs. Panel A: lane d, strain K12-1 (LIA plus LBC); lane e, strain C27 (LlA plus LBC); lane f, strain C26 (LBC); lane g, strain
K12 (L1A); lane h, strain K (LIA plus LBC); lane i, strain M (LBC); lanej, strain 8 (LBC; lane k, strain 3 (LlA plus LBC); and lane 1, strain K7-S1
(LIA)- Panel B: lane a, strain K12 (L1A); lane b, strain B (LlA plus LBC); lane c, strain A (LBC) lane d, strain 1686 (Lc); lane e, strain S140
(LB); lane f, strain Y110 (L2A); lane g, strain 482 (L2A plus LBC); and lane h, strain K7-S1 (LlA).

Correlation of LIA with L-P1 and L-P4 and of LBC with
L-P2 and L-P3. Translation of denatured L dsRNA from
strains containing LlA alone (K7-S1 and K12) gave only
L-P1 and L-P4 (Fig. 5A, lanes g and 1; Fig. 5B, lanes a and
h), whereas L dsRNA from strains containing only LB (strain
S140 [Fig. 5B, lane el), Lc (strain 1686 [Fig. 5B, lane d]), or
LBC (strains C26, M, and 8 [Fig. 5A, lanes f, i, and j,
respectively]; strain A [Fig. SB, lane c]) encoded only L-P2
and L-P3. The L-P2 band was always several-fold more
intense than that of L-P3. As expected and as previously
seen in strain K12-1 (Fig. 4), translation of total dsRNA from
strains containing both LlA and LBC usually gave L-P1,
L-P2, L-P3, and L-P4 (strains K12-1, C27, K, and 3 [Fig. 5A,
lanes d, e, h, and k, respectively]; strain B [Fig. SB, lane b]).
The L-P3 band was always the weakest and was not visible
when only small amounts of L dsRNA products were
fractionated (e.g., Fig. SA, lanes e and k). The ratio of L-P2
to L-P1 was always disproportionately high compared with
the ratio of LBC to LlA in the dsRNA translated. Thus,
denatured LBC appears to be a much more efficient in vitro
messenger than denatured LIA.
L-P1 and L-P2 comigrate with VLIA-Pl and VLBC-P1,

respectively. The revised nomenclature we proposed for
VLP capsids (Table 1; 24) indicated the particular L dsRNA
species encoding the capsid (where identifed) and dropped
the Sc prefix to prevent names from becoming too unwieldy.
Thus, 88-kd ScV-P1 becomes VL1A-P1, and the 82-kd capsid
species found only in VLPs from strains containing LBC iS
called VLBC-P1, since, as we shall show, these capsids are
encoded by LlA and LBC, respectively.
VLPs purified from strains having only LlA contain only

the previously identified 88-kd VL1A-P1 capsid (Fig. 6A,
lanes c and i). Strains containing only LB, Lc, or LBC (Fig.
6A, lanes e, f, and d plus h, respectively) contain only a
single 82-kd capsid band (VLBC-Pl). Because of the rela-

tively low copy number of ScVLBc, these VLP preparations
were of variable purity, the many unidentified bands seen on
this gel (Fig. 6A) are derived from copurified particulate
contaminants (principally ribosomes).
VLPs from strains containing both LlA and LBC contain

both 88- and 82-kd capsids. Their ratios are roughly propor-
tional to the ratios of LlA to LBC dsRNA present in the
parent strain, which was estimated by densitometry of
ethidium bromide-stained gels (Fig. 1). Thus, LBC comprises
ca. 40% of the total L dsRNA of strain K382-23A, but only
ca. 10% in strain K396-11A (data not shown). VLPs derived
from these strains have corresponding ratios of VLlA-P1 and
VLBC-P1 (Fig. 6A, lanes a and b, respectively).

Fractionation of VLP proteins (visualized by staining and
marked with radioactive ink) and L dsRNA translation
products in the same gel (Fig. 6B) demonstrated that VL1A-
P1 comigrates with L-P1 (strain K12-1; lanes f, j, and n;
strain K; lanes g, h, and i); VLBC-Pl comigrated with L-P2
(all lanes). No prominent VLP component comigrated with
L-P3 or L-P4.

Anticapsid (VLlA-P1) immunoglobulin G precipitated L-P1
and L-P4 from the products of translation of LlA from strain
K7-S1 (Fig. 6D, lane d), but none of the products of
translation of LBC from strain M (Fig. 6D, lane b). This
immunoglobulin G also precipitated in vivo-labeled VLlA-P1
capsid from total proteins of strain K7-S1 and K (Fig. 6E,
lanes b and f), but not VLBC-P1 from strains M and K (Fig.
6E, lanes d and f). The antigenic relatedness of L-P1 and
VL1A-P1 is, therefore, confirmed. Both are antigenically
differentiated from VLBC-Pl and L-P2.

Identification of L-Pl with VLlA-Pl and of L-P2 with
VLBC-PI by peptide mapping. Total [35S]methionine-labeled
translation products of denatured LlA dsRNA were fraction-
ated, along with unlabeled VLP proteins purified from the
same strain, by 10% sodium dodecyl sulfate-polyacrylamide

L-P1_.
L-P2.
L-P3-
L-P4*'-
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gel electrophoresis (Fig. 5B), and the gel regions correspond-
ing to L-P1, L-P4, and VL1A-P1 were excised. Gel slices
were loaded onto second gels in the presence of increasing
quantities of S. aureus V8 protease and subsequently frac-
tionated (Fig. 4). The in vitro products were detected by
staining with Coomassie blue, and the in vitro products were
detected by autoradiography (Fig. 7). Coincident migration
and kinetics of production of both partial and terminal
hydrolysis products was apparent, confirming both the iden-
tity of VL1A-P1 and L-P1 and the relationship between L-P1
and L-P4.

Similarly, comigration of the stained V8 protease frag-
ments of VLBC-P1 from VLPs of strain M and the autoradi-
ographically detected fragments of L-P2 from translation of
denatured LBC dsRNA from the same strain (Fig. 8) con-
firmed the identity of VLBC-P1 and L-P2. Thus, the LlA and
LBc dsRNAs in strains K7-S1 and M are each encapsidated
in a homologous capsid. We propose (Table 1) renaming
L-P1 and L-P2 as L1A-P1 and LBC-Pl, respectively, to

A
a b cd e f ghi

-135K

VLlPA-

C

identify them with their L dsRNA genome and VLP capsid
counterparts.

Encapsidation of M1 dsRNA by VLlA-Pl in a strain con-
taining both LIA and LBc dsRNAs. The M1 dsRNA of strain
2-1, which contains only LlA, is encapsidated by VL1A-P1
(8). This must also be true of M1 in strain K7. To determine
whether Ml is encapsidated by both VLlA-P1 and VLBC-P1
in a strain containing both LlA and LBC, VLP fractions from
strain K382-23A which has an unusually high LBC content
were assayed by gel electrophoresis and densitometry for
the content of total L dsRNA, Ml, VLlA-P1, and VLBC-Pl.
In addition, the relative contents of LlA and LBC were
estimated by gel electrophoresis as described in the legend
to Fig. 1. (Fig. 9).
The lighter VLP peak (fractions 22 to 24) contained only

Ml. If one ignores the background of VLBC-P1, which is
uncorrelated with the dsRNA peak, it can be seen that
ScV-Ml contains only VLlA-P1. In the L dsRNA peak, LlA
(fractions 18 to 21) is partially separated from LBC (fractions
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FIG. 6. Comparison of VLP capsid proteins and translation products of L dsRNAs isolated from strains related to type Kl killers. Panel
A, sodium dodecyl sulfate-polyacrylamide gel electrophoretic comparison of Coomassie blue-stained VLP capsid proteins. The positions of
the major VLP capsid proteins of ScV-LlA (VLLA-P1) and of ScV-LBC (VLBC-P1) are as follows: lane a, strain K3822-23A (LIA plus LBC);
lane b, strain K396-11A (LIA plus LBC); lane c, strain K12 (L1A); lane d, strain 8 (LBC; lane e, strain S140 (LB); lane f, strain 1686 (Lc); lane
g, strain K4 (LIA plus LBC); lane h, strain M (LBC); and lane i, strain K7-S1 (LlA)- Panel B, Comigration of capsid proteins and
autoradiographically detected denatured L dsRNA translation products derived from the same strains. Translation products of strain K12-1
(LlA plus LBC) total denatured dsRNA are shown in lanes f, j, and n as markers for L-P1, P2, P3, and P4. Other controls are native K12-1
dsRNA products (lane a) and endogeneous reticulocyte products (lane b). Three lanes are shown for each of the four strains. The first contains
VLP capsid proteins, the second contains in vitro translation products, and the third contains a mixture of the two. The stained gel and
autoradiograph were superimposed, and the positions of the stained major capsid bands (VL1A-P1 and VLBC-Pl) were marked as bands or
as a pair of dots (e.g., lanes c and e, respectively). Lanes c, d, and e, Strain 8 (LBC); lanes g, h, and i, strain K (L1A, LBC); lanes k, 1, and
m, strain 1686 (Lc); and lanes o, p, and q, strain S140 (LB)- Panel C, Total products of translation of denatured total dsRNA from strain M
(LBC; lane c) and strain K7-S1 (L1A; lane d) were fractionated and detected as described in the legend to Fig. 3. Controls are strain K7-S1
native dsRNA (lane a) and reticulocyte endogenous products (lane b). D, Immunological comparison of VLP capsid proteins and L translation
products with anticapsid immunoglobulin G. Total translation products of denatured LBC (lane b) and denatured LlA (land d) were
precipitated with anticapsid immunoglobulin G before analysis, as in C. Controls (lanes a and c) are identical to lanes b and d, respectively,
except that preimmune immunoglobulin G was used in place of anticapsid immunoglobulin G. E, Total proteins, labeled in vivo with
L-[35S]methionine, were analyzed as in C, after immunoprecipitation with preimmune immunoglobulin G (lanes a, c, and e) or anticapsid
immunoglobulin G (lanes b, d, and f). Lanes a and b, Strain K7-S1 (LIA); lanes c and d, strain M (LBC); and lanes e and f, strain K (LlA PIUS
LBC)-
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FIG. 7. Comparative peptide maps of VLAL-P1 and LlA transla-
tion products. The labeled products of translation of denatured LlA
dsRNA and unlabeled VLPs from strain K7-S1 (containing VLLA-
P1) were fractionated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (Fig. 3). Regions of the gel corresponding to the
molecular weight range of interest were excised and loaded laterally
onto a second gel (10 to 15% sodium dodecyl sulfate-polyacryl-
amide). After hydrolysis for 30 min with S. aureus V8 protease, the
partial and complete hydrolysis fragments generated were fraction-
ated by electrophoresis. In panels A to E, the left half shows the
autoradiographically detected fragments of the in vitro product, and
the right half shows the Coomassie-stained capsid fragments. Pro-
tease amounts were 7.5 ng (lane A), 30 ng (lane B), 0.12 ,ug (lane C),
1.2 ,ug (lane D), and 2.4 ,ug (lane E). At higher concentrations (lanes
D and E), the protease can be seen in stained gels as a pair of bands
migrating at ca. 35 kd.

19 to 22). Although low resolution precludes absolute assign-
ments, it appears that each L dsRNA is associated with a
peak of homologous capsid.

Relationship of LIA and L2A dsRNAs. L2A from K2 killer
strain Y110 reacted with the LlA hybridization probe (Fig.
2A, lane g), but not with the LBC probe (Fig. 2B, lane g),
upon RNA blot hybridization. Densitometry indicated only
partial cross-hybridization with LlA, which was estimated at
ca. 25%. Although strain Y110 clearly lacks LBC, K2 killer
strain 482 does contain a minor LBC component (data not
shown).

In vitro translation of denatured L2 from strain Y110
produced three high-molecular-weight species, L-P5, L-P6,
and L-P7, of estimated sizes 84, 82, and 67 kd, respectively
(Fig. SB, lane f). L-P5 and L-P7 were the major products.
The minor product, L-P6, comigrated with L-P2 (LBC-P1). A
much more intense L-P2 band was seen in the translation
products of denatured total dsRNA from strain 482 (Fig. SB,
lane g) and is presumably LBC-P1 derived from LBC. Just as
in Kl killer-related strains such as C27 (Fig. SA, lane e), a
relatively small amount of LBC in strain 482 is responsible for
the major in vitro translation product.
The Coomassie-stained capsid protein VL2A-P1 from VLPs

of strains Y110 and 482 migrated at 84 kd (Fig. 10A, lanes a
and d, respectively) and thus were clearly differentiated
from both VL1A-P1 and VLBC-P1 (Fig. 10A, lanes b and c,
respectively). The band of VLBC-P1 in strain 482 was very
faint (lane d), which was consistent with the low LBC content

A_ B- C-

> >

*

...

D...
a.
U
m

2.2.
II

E,.

Ni >
Q.I

4:

*.'4

FIG. 8. Comparative peptide maps of VLBc-P1 and LBC transla-
tion products. The labeled products of translation of denatured LBC
dsRNA and unlabeled VLPs from strain M (containing VLBC-Pl)
were compared by peptide mapping (Fig. 7). In panels A to E, the
left half shows the autoradiographically detected fragments of the in
vitro products, and the right half shows the Coomassie-stained
capsid fragments. Protease amounts were 7.5 ng (lane A), 30 ng
(lane B), 0.12 ,ug (lane C), 1.2 ,g (lane D), 24 pug (lane E).
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FIG. 9. Capsid proteins in fractionated ScV-L and ScV-M, VLPs
of Kl killer strain K382-23A. Crude VLPs from strain K382-23A
were refractionated on a 40 to 60% sucrose gradient (8). Total L
dsRNA (O) and total Ml dsRNA (A) contents of fractions were
determined after gel electrophoresis by densitometry of ethidium
bromide-stained bands. Similarly, the LBC (I) contents of individual
fractions were determined after gel electrophoresis (Fig. 1). The
concentrations of VL1A-P1 (-) and VLBC-P1 (0) capsid proteins in
each fraction were determined by densitometry after sodium dod-
ecyl sulfate-polyacrylamide gel electrophoresis and staining with
Coomassie blue.
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of this strain. Cofractionation of stained VLP proteins and of
autoradiographically detected dsRNA translation products
showed that VL2A-P1 comigrated with L-P5 in the products
of translation of Y110 L2A dsRNA (Fig. 10B, lanes e to g).
This was also true for the relatively weak L-P5 band derived
from translation of strain 482 L dsRNA (Fig. 10B, lanes a to
c). As before, the major translation product in this strain
comigrates with L-P2 (VLBC-P1), as for strain K12-1 dsRNA
(Fig. 10B, lane d).
The identity of L-P5 and VL2A-P1 was demonstrated by

comparison of V8 protease peptide maps (Fig. 11, panels B,
C, and D). L-P5 is, therefore, identified as L2A-P1, the in
vitro-synthesized equivalent of VL2A-P1 capsid protein of
SCV-L2A VLPs. These peptide patterns also demonstrated
the marked difference between VLIA-P1 (Fig. 11, panels A
and E) and VL2A-P1 (Fig. 11, panels B and D) after hydro-
lysis under identical conditions. Neither capsid showed
similarity to LBC-P1 (L-P2) derived from translation of LBC
(Fig. 11, panels A and E). The relationship of L-P5 to the
minor translation products L-P6 and L-P7 (Fig. 10) is
unknown.

DISCUSSION
The naturally isolated S. cerevisiae strains and their

derivatives employed in these studies are of diverse origin,
include wild-type non-killer strains as well as type Ki and
K2 killer strains, and have been independently maintained
for many years in laboratories in London (strains K4, K7,
K19, S3, and related strains) (14), New England (strains
3/A1, K12-1, Y110, and 482) (3, 8, 16), Bethesda (strains
S140 and 1686) (21, 22), and Chicago (strains K382-23A and
K396-11A) (Table 2). Nevertheless, with the exception of
strains S3, K7, K7-S1, K12, and Y110, all contain L dsRNA
species previously called Li (14), LB (22), Lc (22), or La (15)
which are indistinguishable by blot hybridization analysis
with Li from strain M as the probe (Fig. 2). These are now
called LBC (Table 1).

A
abcd

All LBC preparations encode major and minor in vitro gene
products, LBC-P1 (L-P2) and LBC-P2 (L-P3) (82 and 78 kd,
respectively). LBC-P1 has been identified with VLBC-P1, the
82-kd capsid protein of strain M VLPs. L-P3 is a unique in
vitro product. Thus, even though LB and Lc can be partly
distinguished by liquid hybridization analysis (22), these L
dsRNAs apparently belong to a relatively homogeneous
mycovirus family, ScV-LBC.

Cells from strains 3/Al and K12-1, extensively utilized in
the characterization of VLP-associated proteins and L
dsRNA genes (3, 8. 16), contain LBC dsRNAs as minor
components. Their minor 82- and 78-kd VLP components,
ScV-P2 and ScV-P3 (7), have not been characterized. How-
ever, ScV-P2 is presumably VLBC-P1 derived from ScV-
LBC, as in strain K382-23A (Fig. 9). Although the comigra-
tion of ScV-P3 and L-P3 suggests identity, the ratio of
ScV-P3 to total VLP protein is not enhanced in strains
containing only LBC, in which VLBC-P1 is the major VLP
capsid (Fig. 6A, lanes d, e, f, and h). The significance of
L-P3 and the identity of ScV-P3 remain unknown. ScV-P3
could be a persistent contaminant or a nonantigenic frag-
ment of VL1A-P1 or might correspond to the dsRNA trans-
criptase activity present in VLPs of all strains tested (10, 25).
The separation of LlA from LBC (L2) (Fig. 1) is only seen

in preparations that employ a rapid isolation procedure (14).
It seems likely that this separation results from residual
protein selectively associated with LBC.
LA dsRNAs, initially identified as the major L dsRNA in

Kl killer and related strains tested, are now defined by their
dependency on MAK3, MAKIO, and PET18 gene functions
(14, 22) and by their ability to maintain, exclude, or prevent
the exclusion of M2 dsRNA ([HOK], [EXL], and [NEX]
phenotypes, respectively; 21, 22). [HOK] is now defined
more specifically as the ability to maintain an M dsRNA in a
SKI' background (19, 24). [HOK] activity varies from
almost none, as in the LAE [EXL] species of strain AN33
(21), to low as in L2A, to high as in L1A (LA-HN;22), forming
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FIG. 10. Comparison of VLP capsid proteins and L2A translation products from K2 killer strains Y110 and 482. Panel A, Coomassie-

stained VLP capsid proteins: lane a, strain 482 (L2A plus LBC); lane b, strain K12 (L1A); lane c, strain 8 (LBC); lane d, strain Y110 (L2A). The
migration rates of VL1A-P1, VL2A-P1, and VLBc-P1 capsid proteins were as indicated. Panel B, Comigration of stained capsid proteins from
VLPs of strains Y110 (lanes e, f, and g) and 482 (lanes a, b, and c) with the autoradiographically detected translation products of their L
dsRNAs. The left-hand lane shown for each strain (a and e) contains only stained VLP capsids marked as a band, the center lane (b and f)
contains the autoradiographically detected translation products, and the right-hand lane (c and g) contains a mixture of both. with the capsid
location indicated by a pair of peripheral dots. Lane d contains K12-1 total dsRNA translation products as markers for L-P1, L-P2, L-P3, and
L-P4. The major L2A translation products, L-P5, L-P6 and L-P7, are also indicated.
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an apparent continuum of phenotypes (24). This phenotypic
diversity is consistent with the limited cross-hybridization
observed between the LlA of strain K7-S1 and the L2A of
strain Y110 and suggests that the ScV-LA mycovirus is a
relatively diverse group. This diversity is borne out by
comparison of the VLP capsids they encode. L-P1 and L-P5,
the major products of translation of LlA and L2A dsRNAs,
respectively, are now shown to correspond to the VL1A-P1
and VL2A-P1 capsid proteins of ScV-LlA and ScV-L2A
VLP's, respectively. They differ both in size and in peptide
map. Partial cross-reaction between the protein of ScV-L2A
VLPs and anti-VLlA-Pl capsid serum has been previously
demonstrated (2). Nevertheless, L2A can mutate to acquire
strong [HOK] activity (27). Peptide mapping of capsids and
sequencing of LA cDNAs may eventually determine whether
[HOK] and related phenotypes involved in M maintenance
are determined solely by the structures of encoded capsids.
As in strain 2-1 (8), M1 is exclusively encapsidated by

VLlA-P1 in Kl strain K382-23A. Our data suggest that
VLBC-Pl, also present in this strain, is incorporated homo-
geneously and exclusively in ScV-LBC VLPs rather than
being heterogeneously incorporated as a minor species in all
VLPs. Thiele et al. (23) recently demonstrated that LBC iS
located exclusively in very light VLPs which were well
separated from ScV-LlA in VLPs derived from supressive
strain S3. The extreme protease sensitivity (
4) suggests that the very low density of the
proteolytic damage during isolation, perhar
pattern of three proteins (76, 68, and 65 kd
uniquely associated with these light VLPs I
An LA appears to be the only plasmid

maintenance. ScV-LBc is compatible with
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FIG. 11. Comparative peptide maps of VL1
L-P5, and VL2A-P1. The labeled products of tr
tured LBc dsRNA from strain M (L-P2 and L-P:
and L2A from strain 482 (L-P5; panels B, C, anm
VLPs from strain K7-1 (containing VL1A-P1; pa

strain Y110 (containing VL2A-P1; panels B, C,
pared by peptide mapping (Fig. 7). In each panel,
the autoradiographically detected fragments of
and the right half shows the Coomassie-stained
Protease amounts were 0.6 ,ug (lanes A and B), 1
24 ,ug (lanes D and E).

L2A, ScV-Ml, and ScV-M2 but is not required for their
maintenance. The increase in ScV-LBc content on ScV-LlA
curing by the introduction of a mak-10 allele, however, does
suggest competition for some commonly utilized cell com-
ponent. The dsRNAs of these S. cerevisiae viruses are
probably replicated by negative-strand synthesis on a sepa-
rately synthesized plus-strand transcript, as for other
eucaryotic dsRNA viruses (13, 24). If so, the specificity of
dsRNA encapsidation is probably dependent on the recog-
nition, by a capsid, of the sequence or secondary structure at
the 3' terminus of the plus-strand transcripts, as suggested
by Brennan et al. (9). Interdependence of nucleation of
encapsidation and second-strand synthesis may provide a
mechanism for the control of M dsRNA replication by the
capsid structure, as implied by [HOK], [NEX], and [EKL]
phenotypes (15, 21, 22).
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