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Sequences at the 3' ends of yeast viral dsRNAs: proposed transcriptase and replicase initiation sites
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ABSTRACT

ScV is a double-stranded RNA virus of yeast consisting of two sepa-
rately encapsidated dsRNAs (L and M). ScV-l and ScV-2 are two dsRNA
viruses present in two different yeast killer strains, Kl and K2. Our
3' end sequence analysis shows that the two sets of viral dsRNAs from
ScV-l and ScV-2 are very similar. Consensus sequences for transcriptase
and replicase initiation are proposed. A stem and loop structure with
a 3' terminal AUGC sequence, like that of several plant virus plus strand
RNAs, is present at the putative replicase initiation site of one of the
yeast viral RNA plus strands.

INTRODUCTION

ScV (Saccharomyces cerevisiae virus) is a simple dsRNA (double-strand-
ed RNA) virus with two, separately encapsidated dsRNAs (1,2). Like fungal
virus particles (3), ScV particles are comnunicated from cell to cell
only by mating. The larger viral dsRNA (L) encodes the major capsid
protein: in vitro translation of denatured L results in the synthesis of
the capsid protein (4). The smaller (M) encodes a secreted protein
toxin lethal to sensitive strains and also confers resistance to this
toxin (5,6). In vitro translation of Ml produces a 32,000 dalton poly-
peptide which contains the 12,000 dalton toxin protein of ScVl (7).
ScV-M particles are dependent on ScV-L particles for the synthesis of
their capsid polypeptide (8,9). Internal deletions of M result in de-
fective-interfering particles containing fragments of M (ScV-S parti-
cles; 10,11,12). ScV-M and ScV-S particles are dependent for their re-
plication on products of the nuclear genome that are not necessary for
replication of ScV-L particles (13,14).

Thirteen types of yeast killer strains have been described with dis-
tinct toxin and resistance functions (15). Two of these, Kl and K2,
have been studied in detail (16,17). Kl and K2 strains are able to kill
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each other (15) and Ki killer particles exclude K2 killer particles in

the same strain: that is, when a K1 haploid is crossed with a 1(2 haploid

the resulting diploids have the K1 killer specificity (18).

Both ScY-Ll and ScV-Ml particles possess a transcriptase activity

(19,20,21). The in vitro products of these transcriptases are single-

stranded RNAs equal in size to denatured Ll and Ml respectively, and

these ssRNAs are extruded from intact particles (19,20,21,22). Hybri-
dization and in vitro translation experiments show that the transcript
synthesized by ScV-Ll particles is complementary to only one strand of

the double-stranded template and codes for the 88,000 dalton capsid
protein of ScV-Ll and ScV-Mll (22). Herring and Bevan (23) haye also

described a dsRNA polymerase activity possibly associated with replication
i ntermedi ates.

Both 5' ends of Ml and LI dsRNAs are pppGp and both 3' termini are

CAOH suggesting the end structure Gppp (24,25). Replication of the yeast

CAOH
dsRNAs would therefore terminate by post-transcriptional addition of a 3'

terminal adenosine, as found in the replication of the E. c6li RNA bac-

teriophages (26). LI and Ml have little sequence homology (10). Se-

quence analysis of LI and Ml (25) has shown that both dsRNAs possess

both a U-rich and a C-rich 3' terminus. Both 3' ends of Ml and LI are

heterogeneous; the U-rich ends show less heterogeneity than the C-rich

ends. There are two recent reviews of the Saccharomyces cerevisiae virus

(27,28).
In this report, we compare the sequences of the dsRNAs of ScVl and

ScV2 by 3' end sequence analysis and propose consensus sequences for

transcriptase and replicase initiation sites.

MATERIALS AND METHODS

Preparation of dsRNA for terminal labeling

The viral RNAs for 3' end labeling were prepared as described pre-

viously (25). The cells from which the RNAs were obtained were cloned

prior to each preparation.
Ll dsRNA was obtained from non-killer strain S7 (29), the suppres-

sive sensitive strain L02 (30) and the K1 killer strain T158D-SK (31).
Ml dsRNA was isolated from the K1 killer strain T158D-SK. L2 and M2

dsRNAs were isolated from the K2 killer strain 1384 (17). L isolated

from three different K1 strains (25, Brennan, unpub.), L from five
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suppressive strains derived from different Kl strains (25), and L from

two laboratory Saccharomyces cereviSiae strains lacking M (25) all have

the same 3' ends, We call these dsRNAs Ll. Only the L from the K2
killer strain 1384 has different 3' end sequences. We call this
L dsRNA L2. Ml from three different K1 strains and S from 5 suppressive
strains independently derived from K1 strains have the same 3' ends

(25, Brennan, unpub.).
3' End labeling of RNA

dsRNAs were 3' end labeled with 5'-32P-cytidine-5'-3'--diphosphate
using T4 RNA ligase (PL Biochemicals) as described previously (25). The
specific activity of the 32pCp was between 3000 and 4200 Ci/nmole.
Isolation of the 3' termini

The labeled 3' terniini were isolated by partial or complete diges-
tion of the labeled dsRNAs with Tl ribonuclease (Sankyo) followed by

separation of the 3' terminal oligonucleotides by the 2D polyacrylamide
gel system of DeWachter and Fiers (32). Partial digestion with Tl was

accomplished by incubating the end labeled dsRNAs at 370C for 10 to 15

minutes in a 10 to 20 microliter reaction mixture containing 10 mM Tris-
Ct pH 7.5, 1 mM EDTA and Tl RNase (10-2 to 10-4 pg/'g RNA). For complete
digestion with Tl RNase, the concentration was increased to 5 x 10-2
ig/pg RNA and the incubation extended to 1 hour at 37°C.

Analysis of end labeled RNAs
For complete hydrolysis with NaOH, RNA samples were dissolved in 5

microliters of 0.5 N NaOH and incubated at 370 for 20 to 24 hours. The
samples were run on Whatman 540 paper (pH 3.5) at 5000 volts for 1 hour
(33). The Tl ribonuclease products were sequenced by the chemical method
of Peattie (34). Throughout, we refer to 3' terminal sequences of the

unmodified RNAs and Tl oligonucleotides without their added pCp and with
the 5' Gp cleaved by Tl.
Electron Microscopy

dsRNA was isolated as described by Bruenn and Kane (10). Spreading
was basically as described by Fried and Fink (11), but onto 0% formamide,
8.16 mM Tris-Cl, 0.816 mM EDTA (pH 8.5). All micrographs were taken on
a Hitachi HU500 at 10,000 x and enlarged 7 x on a Sinmnons-Omega enlarger.
Contour lengths were measured with a Numonics graphic calculator.
pBR322 open circular DNA (4362 bp.; 35) was included as an internal
standard. The lengths of dsRNA in base pairs were calculated using a

dsDNA/dsRNA ratio of 3.4/3.0 (27). Ml was from T158DSK (31) or 1406 (36).
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RESULTS

Lengths of dsRNAs
By comparison with pBR322 open circular DNA (see Materials and

Methods), we find that Li is 4804 ± 240 bp (N=140) and L2 is 4926 +
167 bp (N=47). Since we have no control dsRNA of known sequence, these
are approximations, but they are similar to previous estimates of the
length of Ll (27) and are consistent with our inability to separate
Ll and L2 by gel electrophoresis (not shown). Similarly, Ml is
1965 ± 104 bp (N=91) and M2 is 1804 ± 88 bp (N=109). These results are
consistent with the fact that Ml is larger than M2 by gel electrophoresis
(17, Field, unpub. results).
Isolation of labeled 3' termini of viral dsRNAs

The viral RNAs were labeled at their 3' ends with 32pCp by T4 RNA
ligase. The incorporation of label was between 10 and 40% of the theo-
retical yield. Separation of the labeled 3' termini of the double-
stranded RNA was achieved by partial or complete Tl digestion followed by
2D polyacrylamide gel electrophoresis (32).

The only labeled product of complete alkaline hydrolysis of all the
isolated 3' termini from Ll, L2, Ml and M2 was Ap. This is in agreement
with previous results (25), which we interpret as indicating that the
synthesis of yeast dsRNAs terminates by post-transcriptional addition of
3' terminal adenosine.
Sequence analysis of 3' termini of Kl dsRNAs

We have sequenced isolated 3' labeled termini from complete Tl di-
gestion of Ll and Ml dsRNAs (25) by the chemical method of Peattie (34).
In each case there were several 3' labeled Tl oligonucleotides visible
in autoradiographs of the 2D gels, representing the two ends of the double-
stranded molecules. This indicated that the 3' termini of both Ll and Ml
were heterogeneous (25). Complete Tl digestion of Ll gave two major label-
ed products, a U-rich 3' oligonucleotide (GAAUUUAAAAAUUUUUCAOH) and
GCAOH (25). In the present study partial Tl digestion of 3' labeled Ll
was employed to extend the sequences of the GCAOH and U-rich termini.
Several 3' partial Tl oligonucleotides from the 2D gels were recovered
and sequenced. Figure 1 shows a sequencing gel of a partial Tl
oligonucleotide corresponding to the U-rich end of LI. From this (and
other) partial Tl oligonucleotides we derive the 3' end sequence
GUAUGGGGAGUUAUAUGAAUUUAAAAAUUUUUCAOH' Figure 2 shows a sequencing gel of
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Figure 1. Sequencing gel Qf a
partiaT-Tl oli;gonucleotide corres-
ponding to the U-rich 3' end of Li.
The chemical cleayage products of
the Li 3' end labeled, Ti partial
oli-gonucleotide were run on a 20%
polyacrylamide, 7 M urea gel (34).
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the longest Ti oligonucleotide analyzed corresponding to the GCAOH end
of Li. The 3' terminus of this oligonucleotide has the sequence

GCAAAAAGAUAGGGAAUUACCCAUAUGCAOH. The run of 3 C's not visible in this
print has been verified by sequencing several other partial TI products
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Figure 2. Sequencing gel of a partial Ti
oligonucleotide corresponding to the C-rich 3'

U end of Li. Procedures were as in Fig. 1. The
run of 3 C's not visiblie in this print has

E been verified by sequencing several other
partial Ti products.
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(not shown).
In some 2D gels of partial Tl digests of 3' labeled Li, an alternate

sequence was found which is believed to be derived from the U-rich end
of Ll. This alternate sequence, GUGUGCGAGUGGAAAAAUUCAOH, corresponds to
a minor, complete Ti digestion product of 3' labeled Li, namely

GAAAAAUUCAOH (25).
The 3' termini of Ml dsRNA have already been described (25). Ml also

has a U-rich and a C-rich 3' terminus. Table I and Table II sunmnarize
and compare the C-rich and U-rich ends of Li and Ml.
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TABLE I. The U--rich 3' ends of yeast Yiral dsRNAs

RNA U-rich 3' end sequence

Li GUAl?GGGAGUUAlrAJGAAUUUAAMAUUUUUCAOH
L2 GAGU GUAUGAAUAUUCAAAUUAUIJCAOH

G
L alternate GUGUGCGAGUGGAAAAA UUCAOH
Mi GUUUAUUAUUUCUUUAUUUUUCAOH
M2 GUAGUCUCUUUAUUUUUCAOH

C U

Sequence analysis of 3' termini of K2 dsRNAs
Isolated 3' termini from complete and partial Ti digests of L2 and M2

were sequenced. Complete Ti digestion of 3' end labeled L2 results in
the U-rich 3' oligonucleotide GAAUAUUCAAAUUAUUCAOH (Figure 3), the U-rich
alternate 3' oligonucleotide GAAAAAUUCAOH and GCAOH. Partial T1 digestion
was used to extend the sequencesof both termini. The U-rich terminus was
extended to the sequence GAGUGUAUGGAAUAUUCAAAUUAUUCAOH. The longest
partial T1 oligonucleotide corresponding to the GCAOH end had the sequence

SG U
GUAAAUAUAAGAGCUUAUACACAUAUGCAOH (Figure 4). The CACA sequence unclear
in this print has been verified by other gels. The superscript
nucleotides indicate ambiguous bases. These ambiguities are probably not

TABLE II. The C-rich 3' ends of yeast viral dsRNAs

4013

RNA C-rich 3' end sequence

30 20 10
Li GCAAAMGAUAGGGAAUUACCCAUAUGCAOH

G G U
L2 GUAAAUAUAAGAGCUUAUACACAUAUGCAOH
L2' GACAAUAAAAAUAUGCAOH

G G
G G U GUUA C

U UUU U CU CUG UCUCCU U
Ml GCACCCACCAACACCACACAACGAAACACCCAU CAOH
M2 GAA bCUACAGGUACAUUUACCUAG CAOH
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Figure 3. Sequencing gel of a complete Tl
digestion oligonucleotide corresponding to
the U-rich 3' end of L2. Procedures were as
in Fig. 1.

artifacts: the same ambiguities appeared in several independent

sequencing experiments. This indicates that the larger 3' terminal T1
oligonucleotides from the C-rich end of L2 are heterogeneous, consisting

of mixtures of isomers not separated by the 2D gel electrophoresis system,

as previously observed for the Ml C-rich end (25). An alternate C-rich
end for L2 (L2') was also found in some partial digests. This had
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Figure 4. Sequencing gel of a
partial Tl oligonucleotide
corresponding to the C-rich 3'
end of L2. Procedures were as
in Fig. 1. The CACA sequence
not clear in this gel has been
verified by other gels.
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the sequence GACAAUAAAAAUAUGCAOH (data not shown). This confirms the

heterogeneity of the C-rich 3' end of L2.

Complete T1 digestion of 3' end labeled M2 produces only a U-rich

sequence GUCUCUUUCAUUUUUUCAOH (Figure 5)and GCAOH. There is not the

multiplicity of 3' ends characteristic of Ml (25). By partial T1
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Figure 5. Sequencing gel of a complete Tl
digestion oligonucleotide corresponding to

U the U-rich 3' end of M2. Procedures were as
in Fig. 1.
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digestion the sequence of the GCAOH terminus was extended to GAAUUACUAC-

AGGUACAUUUACCUAGCAOH (Figure 6) and the U-rich sequence to GUAGUCUCUUUCA-

UUUUUUCAOH. No other 3' end sequences were detected. The band compression
observed through the region ACAGG of the C-rich end of M2 (Fig. 6) may be
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Figure 6. Sequencing gel of a partial
Tl oligonucleotide corresponding
to the C-rich 3' end of M2. Proce-
dures were as in Fig. 1.

SK

due to the secondary structure postulated in Fig. 8. All of the dsRNAs
examined are compared in Tables I and II. L2 differs from Ll by 5 sub-

stitutions, a single base deletion and a single base insertion in the
first 27 nucleotides at the U-rich end, and by 1 substitution in the first
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12 nucleotides at the C-rich end. The homology between LI and L2 extends
at least to 27 nucleotides from the U-rich end, but the sequences begin to

diverge at position 12 from the C-rich end (only 8 of the next 17 residues
are identical). M2 differs from Ml by two-single base insertions and a

substitution in the first 16 nucleotides from the U-rich end and has 10

substitutions and one-one base insertion in the first 27 nucleotides at

the C-rich end.

DISCUSSION

Since ScV-L and ScV-M contain the same major capsid polypeptide,
which is at least 98% of the viral protein (D. Reilly, unpub., K. Bostian,
personal comm.), the in vitro transcriptase activity of ScV-L and ScV-M is

probably the same, and should therefore recognize the same sequences in

L and M. The 3' end with the most striking homology is the U-rich end.

Consequently, we have speculated that transcription initiates at this end

(25). Our recent experiments confirm that in vitro viral transcription
initiates at the penultimate nucleotide (C) of the U-rich end of Ll

(Brennan, Bobek, and Bruenn, submitted for pub.). We have yet to show
directly that in vitro transcription initiates at the U-rich end of M.
Presuming that it does, we propose a transcriptase initiation site (Table
III) that is a sequence of 17 bases of which the 3' terminal 9 are es-
sentially unambiguous and 16 of 17 are A or U. There is no G (after the

5' pppGp) for at least the first 33 nucleotides in the Ll transcript. Such
U-rich 5' ends without G residues are characteristic of some plant
vi rus mRNAs (37).

If the replication of the yeast yiral dsRNAs is like that of either

the dsRNA viruses of fungi (38) or reovirus (39), then the C-rich end of

L and M mRNA transcripts (t and m) should be an initiation site for a

U
A U
A A
G--C
G-C

AG-C
U-A
A-U

GCAAAAAG AUGCA

Figure 7. Secondary structure at the C-rich end of tl (AF = -5 kcal/mole).
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C U
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U-A
G-C
G-C
A-U

C A
GAAUUACUA GCAOH

Figure 8. Secondary structure at the C-rich end of m2 (AF = -6.2 kcal/mole)

replicase. The C-rich end of Li does have a structure very similar to

that of the 3' ends of some plant virus genomic (plus strand) RNAs, which
serye as recognition sequences for coat protein-replicase complexes (40).
In the t1transcript, this is a hairpin and loop structure of AF = -5
kcal/mole (41) followed inmediately by the sequtence AUGCAOH (Fig. 7).
This is precisely the structure (and 3' terminal AUGC) present in several
plant virus RNAs (37). The only similarly located loop structure in
£2 is not thermodynamically stable(AF = + 0.4 kcal/mole). A hairpin and
loop structure can be formed at the C-rich end of M2, but the 3'
terminal AUGC sequence becomes just AGC (Fig. 8). Neither the loop
structure nor the 3' terminal AUGC are present at the C-rich end of ml. A

consensus replication recognition sequence at the C-rich end can be
derived (Table III) if that sequence-may be present at a slightly variable
distance from the 3' AOH.

TABLE III. Consensus sequences

4019

C-rich end consensus sequence (replicase initiation)
G A A A U A C C C A U ( A U G ) C AQH

4 4 5 5 4 5 4 3 3 5 4 (3 3 3 )5 5 (number that fit at each
nucleotide of 5
sequences determined)

U-rich end consensus sequence (transcriptase initiation)
U A U U U U U A A A U U U U U C AOH
AT AT ATAU
4 3 4 4 4 4 3 3 4 4 4 4 3 5 5 5 5 (number that fit at each

nucleotide of 5
sequences determined)
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If both the stem and loop structure and the terminal AUGC sequence
are important for accurate replication, the observed dramatic sequence
heterogeneity at the 3' end of MI (25) is thereby explained: ml has
neither stem and loop nor AUGC. M2 is less heterogeneous at this end and
has a stem and loop structure in m2. L2 is more heterogeneous at the
C-rich end than Ll, and t2 has only the AUGC sequence without the nearby
stem and loop structure present in tl. The considerable number of
sequence differences between these closely related viral dsRNAs (Ll and
L2, Ml and M2) is also consistent with the high mutation rate postulated
for ScV (25). Replication of M requires products coded by the host
genome not required for replication of L (14). These cellular functions
may be additional requirements for replication of M mandated by the loss
of a 3' end C-rich sequence required by the (putative) ScV capsid
protein replicase alone (perhaps the sequence AUGC). The exclusion of
ScV-M2 particles in Kl x K2 crosses (17) may also be a consequence of
sequence differences at the C-rich end (Field, Brennan, and Bruenn,
in preparation).
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