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At least eight conserved motifs are visible in the totivirus RNA-dependent RNA polymerase (RDRP). We
have systematically altered each of these in the Saccharomyces cerevisiae double-stranded RNA virus ScVL1 by
substituting the conserved motifs from a giardiavirus. The results help define the conserved regions of the
RDRP involved in polymerase function and those essential for other reasons.

Among the known RNA-dependent RNA polymerase
(RDRP) sequences of double-stranded RNA (dsRNA) vi-
ruses, only the RDRPs of the noninfectious dsRNA viruses of
simple eukaryotes (most being members of the family Totiviri-
dae) form a well-defined group with significant sequence sim-
ilarities throughout (2). In addition to the “universally” con-
served polymerase residues such as the GDD motif (10), this
group of five RDRPs shares a set of conserved motifs that
extend beyond those present in other viral RDRPs. Several
more putative members of the family Totiviridae have been
added to this alignment, and the eight conserved motifs remain
(3). One other dsRNA virus whose RDRP displays significant
similarity throughout to the RDRPs of noninfectious dsRNA
viruses of simple eukaryotes is G1V, the Giardia lamblia virus.
GlV differs from the dsRNA viruses of lower eukaryotes in
that it is infectious to its host. The eight conserved motifs of the
RDRPs of members of the family Totiviridae are shown in Fig.
1, compared to GIV and poliovirus RDRPs. Mutations in mo-
tifs 4, 5, and 6 have demonstrated their importance for poly-
merase function (15, 16).

The Saccharomyces cerevisiae virus L1, or ScVL1 (also
known as ScVL-A), is the prototypical member of the family
Totiviridae, having two open reading frames (cap and pol)
encoding a capsid protein (Cap) and an RNA-dependent RNA
polymerase (Pol). The 4.6-kb dsRNA genome is encapsidated
into a 39-nm icosahedral particle comprised of 60 dimers of
capsid protein (4). The RDRP is expressed as a Cap-Pol fusion
protein by —1 ribosomal frameshifting (5, 9). ScVM1 is also
encapsidated in ScVL1-derived particles, so that ScVML1 is a
satellite of ScVL1 (6). ScVM1 encodes the k1 killer toxin, as
well as immunity to the toxin (1, 17).

Motifs 5 and 6 of the ScVL1 RDRP have been examined by
scanning-alanine mutagenesis and domain swaps (14, 15). In
spite of the high degree of conservation in these regions, these
domains are not interchangeable between ScV and Sindbis
virus, reovirus, Middleburg virus, or poliovirus (15).

In the present work, rather than introducing radical muta-
tions into the ScVL1 RDRP, we chose to swap analogous
conserved motifs from the GIV RDRP into the ScVL1 RDRP.
In this manner, we hoped to obtain subtle phenotypic changes
in the ScVL1 RDRP, as opposed to the lethal phenotypes
observed in some cases during previous engineering of muta-
tions into the ScVL1 RDRP (15). We reasoned that swapping
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conserved domains would be more likely to conserve secondary
and tertiary structure than would alanine substitutions. In this
way, we hoped to separate the functions of the Pol domain.
Our results show that while all chimeric ScVL1 RDRPs re-
tained the ability to package viral RNA, there were marked
differences in the ability of chimeric RDRPs to cure ScVL1
and to support the ScVMI satellite virus in the absence of
ScVLI.

Motif swaps in regions 1 to 8 were constructed by oligonu-
cleotide-mediated site-directed mutagenesis (12) of appropri-
ate restriction fragments in vectors from which single-stranded
DNA could be produced such that the GIV sequences of Fig.
1 replaced those of ScVLI1. After sequence verification, altered
restriction fragments were used to replace the wild-type se-
quences in the L1 cDNA expression vector. Details are avail-
able upon request.

A subset of ScVL1 chimeras are capable of supporting the
M1 satellite virus. We tested the ability of the swapped Cap-
Pol fusions to rescue the M1 satellite virus in the absence of the
L1 helper virus. Expression of L1 gene products launched from
a cDNA has been shown to be capable of rescuing the M1
satellite (6, 19). In this assay, the nucleus of a strain incapable
of supporting ScVL1 due to a mak mutation (strain T120, a
makl0 mutant, in this case), but producing Cap and Cap-Pol
from an L1 cDNA copy, is combined with cytoplasm contain-
ing ScVL1 and ScVML1 (6, 19). Cytoductants in which expres-
sion of Cap and Cap-Pol or Cap and mutant Cap-Pol success-
fully rescues the M1 satellite will retain the killer phenotype
associated with the M1 satellite.

As expected, expression of wild-type Cap-Pol (pG3L1) suc-
cessfully maintains the M1 satellite in the absence of ScVL1
(Fig. 2, lane 2) to a level of 80% = 10%. The M1 satellite is lost
in strains which do not express the L1 cDNA (pG3; Fig. 2, lane
1). Cap-Pols carrying swaps in motifs 3, 4, 5, and 6 are signif-
icantly impaired in the support of ScVMI, while swaps in
motifs 1, 2, 7, and 8 have milder effects or no effects (motif 8).
Loss of M1 in cytoductions has been verified by Northern
blotting in some cases (data not shown).

Curing of ScVLI. Several interfering phenomena have been
described for the ScV system. One type of interference results
from overproduction of Cap and Cap-Pol from a cDNA (18).
In this case, curing (exclusion) of ScVLL1 is ascribed to titration
of limiting host factors by cDNA-encoded Cap-Pol. The cDNA
used in these experiments was unable to launch an infectious
cycle since it was missing 8 nucleotides at the 3’ end of the L1
sequence and contained an additional vector sequence at its 5’
end. Mutations which abolished production of Cap-Pol also
abolished curing. By comparing Cap-Pol carrying mutations in
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RDRP 1 2 3 4
LRV1 LLGRG 59 WAANGS.HS 44KLEH..GKTRLLL 57 DYDDFNSQHT
TvV LLGRG 58 WSKSGS.HY 41KLEH..GKERFIY 50 DYTDFNSQHT
Scvla LENGV 58 IMPGGSVHS 46 KYEW..GKVRALY 51 DFDDFNSQHS
UmVH1 LYGRG 66 WLVSGSSAG 55 KLNETGGKARAIY 55 DYPDFNSMHT
ScvLl LMNRG 57 WVPGGSVHS 46 KYEW. .GKQRAIY 52 DYDDFNSQHS
* * * *k * kK kK Kk

Glv LLGKV 65WGTTGSGYI 37 KPEL..TKVRAVI 55 DQSNFDRQPD
polio VFEGV 64 YGTDGLEAL 49 KDEL.RSKTKVEQ 64 DYTGYDASLS
RDRP 5 6 7 8
LRV1 46 TLMSGHRATSFINSVLNRA.YI 11HVGDDILM 33EFLRV 9 YLAR
TvV 43 TLPSGHRATTFINPVLNWC.YT 11 CAGDDVIL 31EFLRK % YPCR
ScVLla 52 TLFSGWRLTTFFNTALNYC.YL 13 HNGDDVFA 33 EFLRV 11 YLTR
UmVH1 63 GLYSGDRDTTLINTLLNIA.YA 20CHGDDIIT 34EYLRI 10 CLAR
ScVL1 52 TLLSGWRLTTFMNTVLNWA.YM 15HNGDDVMI 33 EFLRV 13 YLSR

* Kk KX % * k% * *, kK *k kK *
Glv 59 GLPSGWKWTALLGALINT.QLL 16 VQGDDIAL 33EFLRR 9 YPAR
polio 42 GMPSGCSGTSIFNSMINNL.II 18 AYGDDVIA 38 TFLKR 9 FLIH

FIG. 1. Conserved motifs in RDRPs of members of the family Totiviridae
compared to those of poliovirus. Spacing between motifs (in amino acids) is
indicated for each RDRP. Asterisks indicate residues identical in all Totiviridae
RDRPs. Periods indicate insertions made to maximize alignment. Sequences are
those previously aligned (2) with the addition of poliovirus (11, 13). LRV1,
Leishmania RNA virus 1; TvV, Trichomonas vaginales virus; ScVLa and ScVL1,
S. cerevisiae virus; UmVHI1, Ustilago maydis virus; GIV, G. lamblia virus.

one or two amino acids in conserved regions 5 and 6, it was
found that, in general, mutants with impaired RDRP activity
also failed to exclude (cure) ScVLL. Exclusion, in this case, was
a stochastic process; multiple rounds of curing resulted in
gradual, complete exclusion of ScVL1 (and, consequently,
ScVM1) from cells (18).

Yeast expression vectors containing the full-length L1
c¢DNA or an L1 cDNA with a swap in one of the conserved
motifs were transformed into a strain in which ScVL1 and
ScVMI1 were initially present. After selection for cells which
harbored the expression vector (Trp™* cells), 100 independent
transformants were streaked for single colonies on nonselec-
tive medium (YPD) (8) for two rounds of growth. Loss of the
vector before assaying of transformants for the killer pheno-
type is necessary since ScVM1 may be supported by ScVLL1 or
by the L1 cDNA (18). The loss of the vector after growth on
nonselective medium was detected by replica plating of colo-
nies on SC lacking Trp (8). The killer phenotype (K*/K™) of
each transformant was assayed by streaking it on a killer plate
containing a lawn of toxin-sensitive S7 cells. The presence of
ScVM1 (and hence ScVL1) was ascertained by examining
killer plates for a region of clearing surrounding the colony
tested. The curing efficiency is determined by the ratio of the
number of Trp~ K™ colonies divided by the number of Trp~
colonies after plasmid loss. Expression of wild-type Cap and
Cap-Pol (Fig. 3, WT) cures ScVL1, as noted previously (18).
That curing is dependent on expression of the L1 cDNA is seen
by the lack of curing in cells which initially harbor a plasmid
that is without the L1 ¢cDNA (Fig. 3C). Swaps in conserved
motifs 1 through 6 (Fig. 3, motifs 1 to 6) abolish curing of
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FIG. 2. Ability of mutant Cap-Pols to support ScVMI. Cytoduction assays
were performed as described in Materials and Methods to assay replicase and
transcriptase activities of mutant versions of the ScV Cap-Pol. About 100 cyto-
ductants derived from each mutant were tested for the killer phenotype. C,
negative control (vector without cDNA insert); WT, wild-type positive control
(unmodified ScV Cap-Pol). 1 to 8, mutants carrying GIV-ScV motif swaps in
regions 1 to 8.

ScVL1. Cap-Pol with a swap in conserved motif 7 or 8 (Fig. 3,
motifs 7 and 8) retains the ability to cure ScVLI.

RDRP activity and curing are separable. These experiments
demonstrate that support of M1 requires motifs 3 to 6, while
curing of L1 requires motifs 1 and 2 in addition (motifs 1 to 6
are residues 944 to 1229 of Cap-Pol). This is consistent with
previous results showing that mutants A766D and S855P are
fully functional for M1 rescue and packaging but defective in
curing (20) and that mutations in motifs 5 and 6 affect both M1
rescue and L1 curing (15). Specific domains are necessary for
support of M1, but curing requires all but the C terminus of Pol
(beyond residue 1262, domain 7).

Packaging activity of mutant Cap-Pol. An N-terminal region
of Cap-Pol up to approximately residue 858 is responsible for
the recognition and packaging of plus-stranded RNAs into
nascent viral particles (7, 20). None of the conserved motifs in
the RDRPs of members of the family Totiviridae are included
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FIG. 3. Curing of ScVM1 by expression of Cap and Cap-Pol from expression
vectors. Curing experiments were performed as described in Materials and Meth-
ods, with about 100 clones of each mutant tested for the killer phenotype.
Labeling is as in Fig. 2.
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FIG. 4. Northern blot of RNAs extracted from peak fractions of CsCl gra-
dients containing viral particles derived from the two-plasmid packaging assay.
RNAs were extracted from equal amounts of fractions and run on a 1.4%
nondenaturing agarose gel, and a Northern blot was performed as previously
described (8). The minus-strand RNA probe was specific for vector portions of
the test transcript. Relative packaging efficiencies were calculated from the
PhosphorImager scan of the gel normalized to the amount of cells harvested for
particles in each case.

in this region; the first conserved motif begins at residue 944.
Consequently, we expected all of the GIV-ScV motif swap
mutants of Cap-Pol to have approximately normal packaging
abilities. Packaging was assayed by production of an artificial
transcript with the packaging signal from M1 (21) in cells
expressing Cap and Cap-Pol from L1 cDNA expression vectors
constructed from the wild type and motif 1 to 8 GIV-ScV
substitutions.

The test transcript is packaged in particles by all of the
mutant Cap-Pols created by GIV-ScV motif substitution (Fig.
4). Packaging is detectable over a range of about 300-fold (20),
but none of the mutants tested showed nearly this much vari-
ance from the wild type; all were within a twofold variation of
the wild type (Fig. 4), which is within the range of experimental
error of the method (21). We conclude that none of the mu-
tational changes tested affects packaging efficiency and that
probably all of the mutant Cap-Pol proteins are made in ap-
proximately normal quantities.

Curing of ScVL1 requires domains in Cap-Pol not required
for polymerase activity, as well as those required for the
RDRP. Motifs 1 to 6 are all required for curing (that is, in the
region between 944 and 1229). In addition, mutants A766D
and S855P (20) and PD1175AA, TK1177AA, and KL1207AA
(18) all have reduced or no curing activity. None of these point
mutations fall in any of the conserved motifs of the RDRP
(and do not affect RDRP activity), but all are consistent with a
requirement for overall sequence integrity in all but the car-
boxy-terminal domain (after residue 1262) for the curing ac-
tivity of Cap-Pol.

This work is the first to explore the functions of motifs 1, 2,
4,7, and 8 in members of the family Totiviridae. Of these, motif
4, which is highly conserved in this group, is clearly of func-
tional importance for the polymerase, in agreement with re-
sults obtained with encephalomyocarditis virus (16). Motifs 1,
2, and 8 do not appear to be part of the active site of the
polymerase, although motifs 1 and 2 play a role in the curing of
ScVL1. This corresponds well to the inability to find decent
homologs of motifs 1, 2, and 8 in the poliovirus RDRP (Fig. 1).

Interestingly, more drastic substitutions in motif 8 (MMIK,
rather than YPAR, for YSLR) resulted in complete loss of
both curing and polymerase activities for the ScV Cap-Pol (0%
curing and 6% support of M1). Since this motif appears to be
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neither part of the active site of the enzyme nor crucial for
curing, the highly conserved arginine in this motif may play an
important role in the tertiary-structure formation of the RDRP
of members of the family Totiviridae. This arginine is conserved
in three additional RDRPs from putative members of the
family Totiviridae (3).
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