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The Saccharomyces cerevisiae double-stranded RNA virus ScVL1 recognizes a small sequence in the viral plus
strand for both packaging and replication. Viral particles will bind to this viral binding sequence (VBS) with
high affinity in vitro. An in vitro selection procedure has been used to optimize binding, and the sequences
isolated have been analyzed for packaging and replication in vivo. The selected sequence consists of a stem with
a bulged A residue topped by a loop of several bases. Four residues of the 18 bases are absolutely conserved
for tight binding. These all fall in regions that appear to be single stranded. Eight more residues have preferred
identities, and six of these are in the stem. The VBS is similar to the R17 bacteriophage coat protein binding
site. Packaging and replication require tight binding to viral particles.

Of the many examples of specific RNA-protein interactions,
there are several in which binding is as tight as it is in DNA-
protein interactions. In these cases, the dissociation constant of
the complex (K,) is in the nanomolar range (1, 3, 23). One of
these interactions is necessary for the packaging of the viral
plus strand in the Saccharomyces cerevisiae virus (ScV). ScV is
a persistent double-stranded RNA (dsRNA) virus in yeast
which is passed from cell to cell solely by mitosis and meiosis.
It belongs to the Totiviridae: that is, it has a single essential
dsRNA (L). This genomic RNA encodes two proteins: a capsid
polypeptide (Cap) and a Cap-Pol fusion protein synthesized by
a translational frameshift between the cap and pol genes (7,
27). There appear to be two copies of the Cap-Pol protein per
viral particle (6, 15, 23), which has 120 copies of the Cap
domain (5). A satellite dSRNA (M1) is present in some strains
and is separately packaged in ScV particles of the L1 virus
(ScVL1). L1 is also known as L-A (4). A second dsRNA virus,
ScVLa, with a similarly organized genome (17), is also present
in some strains. La is also known as L-BC (4, 30). ScVL1 and
ScVLa package only their own RNAs (8, 18, 25).

As in other dsRNA viruses, ScV replication proceeds by the
synthesis within the viral particle of the viral plus strand, ex-
trusion of the plus strand, packaging of the plus strand in
nascent particles, and synthesis of the minus strand within
completed viral particles. The whole cycle depends on the
specificity of packaging of the plus strand, and this is accom-
plished in ScV by a domain within the Pol region of the Cap-
Pol protein (12, 32). The region of the RNA recognized (the
viral binding site [VBS]) is a minimum of 20 bases long and
consists of a stem interrupted by a bulged A residue and with
a central loop of several bases (11, 23), although a second type
of binding site with three bases in place of the bulged A residue
also functions well (23). L1 has a single VBS, while M1 has two
sites, SL1 and SL2. The minimal binding site functions both for
packaging and for viral interference in vivo (12, 14, 23). In vitro
mutagenesis has defined the stems of the VBS as necessary but
their sequence as nonspecific, while at least one base in the
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loop appeared sequence specific and the bulged A residue
appeared conserved as well (11, 23). In this work, we have
determined the secondary and primary structure requirements
for the VBS by in vitro selection (2, 26) and shown that the
selected VBSs are competent as packaging and replication
signals. The ScV VBS is similar to the coat protein binding site
for the single-stranded RNA bacteriophage R17 (19, 22, 28).

MATERIALS AND METHODS

In vitro selection. In vitro selection of RNAs by gel shift (see below) followed
schemes previously described (2, 26). First, the five oligonucleotides for the in
vitro selection experiment (see Fig. 1) were purified by 8% polyacrylamide gel
electrophoresis (PAGE) in 7 M urea. Oligonucleotides 2 and 3 were phosphor-
ylated with T4 polynucleotide kinase, and oligonucleotides 2, 3, and 5 were
ligated together while hybridized to oligonucleotides 1 and 4. The full-length
oligonucleotide 2+3+5 was purified by 8% PAGE in 7 M urea. Oligonucleotide
1 was used as a primer to verify the sequence of oligonucleotide 2+3+5. Oligo-
nucleotide 1 was annealed to oligonucleotide 2+3+5, and double-stranded DNA
was synthesized with DNAPI Klenow fragment. This double-stranded DNA was
used as a template for in vitro RNA synthesis by T7 RNA polymerase. The RNA
was subjected to in vitro binding with ScVL1 viral particles. The binding mixture
was separated by 1.5% agarose gel electrophoresis, and the gel-shifted band was
excised and had its RNA extracted with the RNaid kit (Bio 101). The purified
RNA was reverse transcribed into cDNA with oligonucleotide 5 as a primer.
Oligonucleotide 1 was added to amplify cDNA by PCR. The PCR products were
used for in vitro transcription, and the RNA was subjected to the next round of
selection. Cloning of PCR products (20) was by cleavage with Apal and Xbal and
insertion into a similarly cut pPGEM7Zf+. Sequencing was by the Sanger tech-
nique (21).

Viral binding. Gel shift experiments were performed as described elsewhere
(9, 23). The Accl-Sphl (AS) fragment of S14 cDNA of 134 bp, containing both
SL1 and SL2, or cloned, selected cDNAs, in pGEM7Zf+ was used to make
labeled viral plus strand containing the VBS. The standard binding mixture
contained 50 mM Tris-Cl (pH 7.5), 0.5% polyethylene glycol 8000, 5 mM EDTA,
3 mg of bentonite per ml, 1 to 5 ng of [a-**P]JUTP-labeled RNA (10° cpm per
assay), and 2 pg of viral particles in a total volume of 15 wl.

K, determinations. Determination of K; was done by competition with the AS
fragment, assuming a K, of 8.1 X 107'° M for AS, as described elsewhere (23),
or directly, by fitting a binding curve to data points as in Fig. 4, with DELTA-
GRAPH.

Viral packaging and replication. Packaging of viral plus strands was deter-
mined by expression of a viral plus strand containing the binding site to be tested
(11, 23) embedded in several hundred bases of vector sequences from a hybrid
GAL/ENO promoter (16, 24) in a strain with ScVLI1 particles but no ScVLa
particles. This was strain 2818H"* (R. B. Wickner) cured of ScVLa as described
elsewhere (31, 32). Packaging was determined by nondenaturing Northern blots
(14) of fractions from CsCl gradients with probes derived from the expressed
vector sequences (23). The packaging efficiency was calculated as the ratio of
radioactivity in the CsCl fraction with the greatest amount of packaged vector
sequences to the total amount of vector RNA expressed in the cell divided by the
total amount of ScVL1 particles in the peak fraction estimated by sodium
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FIG. 1. In vitro selection procedure for high-affinity VBS. See Materials and
Methods for details.

dodecyl sulfate (SDS)-PAGE (in arbitrary units). Phosphorimager scans of frac-
tion 6 (e.g., Fig. 6) from each isolate were normalized by dividing by the amount
of total RNA and by the amount of Cap protein in fraction 6 (from optical scans
of Coomassie brilliant blue-stained SDS-PAGE gels). The packaging efficiency is
the last column of Table 1. Given the accuracy of this determination (see below),
only a single significant figure is given.

RESULTS

In vitro selection. The overall strategy in the in vitro selec-
tion is outlined in Fig. 1. The selection itself was by isolation of
bound RNA in viral particle-RNA complexes separated from
unbound RNA by agarose gel electrophoresis (11, 13, 23). The
bound RNA was purified, reverse transcribed, amplified by
PCR, and used for the next cycle of selection. Samples were
taken by cloning after each round of selection.

There are three known VBSs in the wild-type ScV RNAs:
two sites, SL1 and SL2, in M1 and its defective interfering
derivatives, and one binding site in L1. We chose to model our
selectable VBS partially on the stem of SL2 and partially on
the upper stem and loop sequence of SL1. Hence the lower
portion of the stem is defined by the unpaired bases at the
beginning and end of the unpaired region of oligonucleotide 3
(Fig. 1). This gives a 6-bp stem with 12 ambiguous nucleotides
between the branches of the stem (see Fig. 5). We chose this
design, since previous results had indicated that the precise
sequence of the stem was not important for VBS function (11,
23) and we wanted to maximize the proportion of RNAs that
might bind to viral particles.

The K, of the mixture of RNAs recovered after each round
of selection was determined by competition with plus-strand
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FIG. 2. Dissociation constant of VBS-viral particle complex versus round of
selection. A crude K, was determined for each pool of VBS sequences by
competition with the AS fragment, as described elsewhere (23).

RNA transcripts of the AS fragment; this is the Accl-Sphl
fragment of S14 cDNA, of 134 bp, containing the two binding
sites, SL1 and SL2 (23). This is not a true average K, but it is
an indicator of how the selection is proceeding. After a de-
crease to the nanomolar range, the K, ceased to decrease after
about the fifth round (Fig. 2). Enrichment in K, was about
12-fold (14.5/1.2).

Analysis of a number of clones from every round (some 50
clones were analyzed) showed that many of the cDNA clones
represented RNA sequences with a structure similar to that of
SL1 but that many had no similarity to SL1. Those RNAs that
did not have similarity to SL1 did not bind to viral particles in
the gel shift assay. The binding to viral particles of T7 plus-
strand RNAs from a selection of clones is shown in Fig. 3. All
of the clones which failed to show any binding (e.g., 8-7, 8-13,
8-14, and 8-19) lacked the consensus secondary and primary
structure (see below). Only those clones that had the consen-
sus structure showed significant binding. Even at the eighth
round of selection, nearly 50% of the clones isolated did not
represent binding sequences. We have no ready explanation
for this result. It may be that the gel electrophoretic separation
of bound and unbound RNA was inadequate. Adding excess
competitor AS transcript or excess noncompeting RNA to the
binding reaction during selection had little effect on the clones
isolated. A summary of the sequences of binding RNAs is
shown in Table 1.

K, determination of individual RNAs. The K’s of selected
RNAs were determined by competition with the AS transcript,
as previously described (23, 29). This method is considerably
faster than doing individual binding curves for each isolate and
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FIG. 3. Binding of some selected sequences by mobility shift analysis. Each
sequence, cloned in pGEM7Zf+, was transcribed by T7 RNA polymerase in the
presence of [a-*?P]UTP, and the radioactive plus strand was used for a binding
experiment with ScVLI particles, as described elsewhere (23).
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TABLE 1. Consensus of tight binding sequences

Bulged Second portion stem, Second portion stem, Isolate e K .

resigue 5 Pi)ranch Loop 3 pbranch no. Binding (10’5 M) Packaging”
A UGC CUCCG GUA 8-9 +/— 2.95 0
A GGC GAUUC GuC 8-12 + 1.58 30
A GU cuccGucC AC 8-17 +/= ND? ND
A GUU GuuucC AAC 8-18 (6) ++ 0.68 8
A GUU GUCUC AAC 8-20 + 3.23 0
A GGU GACAC ACU 8-15 + 1.13 20
A GGU GCUAC AUC 8-29 + 0.79 4
A GUU GCuUuUC GAC 8-32 + 1.29 1
A GGU GCuUuUC AUC 8-5 ++ 0.21 30
A GAU GAUUC AUU 8-2 + 1.73 1
A GU GCuucCcC AC 6-9 + 0.65 1
A GGU GAUUC AUC 6-21 + 2.48 8
A GAU GCuuC GuUC 6-37 + 1.3 10
A GGU GAUUC AUC 6-38 + 0.9 40
A GuUC GAUUU GAC 7-11 + 1.28 0
A GGU GCuuC AUC 7-12 ++ 0.32 8
A GGU GUUGC GCC 7-14 + 0.66 10
A GAU GAUCC AUC L1 + 1.6 ND
A CGC GAUUC GCG SL1 + 1.4 8
A UGC GAUUC GCG SL2 + 0.8 20
A RRY GHUUC

“ Relative packaging efficiency; see Materials and Methods.
2 ND, not done.
¢R, purine; Y, pyrimidine; H, A, C, or U.

is just as accurate. For instance, binding curves for the AS and
8-18 transcripts are shown in Fig. 4. From this data, the calcu-
lated K, for AS is 0.86 nM and that for 8-18 is 0.74 nM. A
previous determination of the K, for the AS transcript gave
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0.81 nM (23). The K, ratio of 8-18 to AS was determined by
competition to be 0.84. This corresponds to 0.86, calculated by
dividing the two independently determined K,’s. The K,’s in
Table 1 are given with respect to a K, for the AS transcript of
0.81 nM. All the sequences that fit the consensus (see below)
had K’s in the nanomolar range, and several had K’s several
times lower than that of any wild-type VBS.

Consensus binding site of selected sequences. The consen-
sus structure is summarized in Fig. 5. The minimum number of
base pairs in the bottom portion of the stem (4 bp) has been
assigned by analysis of RNAs such as isolate 6-9 (see below).
Of the three wild-type VBSs, one (SL1) has 4 bp prior to the
bulged A. Tight binding (a K, in the nanomolar range) re-
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FIG. 4. Direct K, determination for two RNAs: the AS transcript and the
8-18 transcript. The amounts of bound and unbound RNA as a function of
concentration of RNA were measured by phosphorimager scans of 1.5% agarose
gels prepared as described elsewhere (23). Standard binding curves were fitted to
the data by DELTAGRAPH.

sequences sequences

R=purine; Y=pyrimidine; H=A,C,U; S=C or G; D=A,G or U.

FIG. 5. Consensus ScV VBS compared to the R17 coat protein binding site.
Complete conservation of a given nucleotide is indicated by a square box. The
proposed structure of isolate 6-9 is also shown. This isolate has a mutation in the
“fixed” portion of the test sequence (a C-to-A change, in italics), apparently
creating a new bulged A, a loop with an extra U, and a shorter stem.
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quires a stem with a bulged A in the middle and a loop with the
sequence GHUYC, where His A, C, or U and Y is a pyrim-
idine. There are preferences for two purines and a pyrimidine
in the 5’ branch of the stem following the bulged A. The
conserved G and C in the loop might be drawn as an eighth
base pair in the stem (reducing the loop to three bases), a
conjecture made more likely by the existence of isolates with
the G and C reversed (e.g., 8-9), but this G appears to be
unambiguously in a single-stranded region by nuclease sensi-
tivity (23). The conserved U in the loop contributes a large
proportion of the stability of the complex, since alteration of
this single base reduces affinity for the sequence by more than
fivefold (compare 8-18 to 8-20). Packaging with isolate 8-20 is
undetectable, while packaging with isolate 8-18 is essentially
identical to that of wild-type SL1 (see below and Table 1).

Alterations outside the 12 selected bases. There were several
examples in which a consensus sequence was created by mu-
tations outside the region intended to be variable. We presume
that these unintended (but informative) mutations occurred
during PCR. For instance, isolate 6-9, with a very respectable
K, of 0.65 nM, has an A in the first branch of the stem of the
wild-type sequence rather than a C, so that bases within the
variable region now form the second branch of this portion of
the stem. This A now becomes the fourth base of the stem. The
sequence GGGCAGUNNNNNNNNNNNNACUGCCGAGG
AAUAC has been altered to GGGAAGUGCUUCCACUCC
CACUGCCGAGGAAUAC, where the change in the “invari-
able” portion of the oligonucleotide sequence is in boldface
italics and the 12-base variable region is underlined. This cre-
ates a loop with an extra base and shortens the second portion
of the stem. The proposed secondary structure for this isolate
is shown in Fig. 5.

The two isolates with the lowest K’s are 8-5 and 7-12, which
are identical in the second portion of the stem, the bulged A,
and the loop sequence (Table 1) and have very similar K,’s but
differ in the first portion of the stem. The first base pair of the
stem is GU in 8-5 and GC in 7-12, due to a mutation in 8-5 in
the invariable portion of the sequence.

Packaging and replication. Most of the selected VBS se-
quences were tested for incorporation into viral particles and
for replication within viral particles (synthesis of minus strand).
Cells lacking any ScVLa viral particles (but with ScVL1) were
transformed with a plasmid expressing a VBS sequence as a 5’
portion of a transcript with several hundred vector-derived
bases. The endogenous wild-type ScVL1 particles provided
both Cap and Cap-Pol in frans for particle assembly. Viral
particles were isolated and purified by CsCl equilibrium gra-
dient centrifugation, fractions had RNA extracted, and North-
ern blots were performed. An example of a Northern blot using
the vector minus strand as probe is shown as Fig. 6A. Here the
8-18 and 6-38 transcripts are efficiently packaged into viral
particles that peak at fraction 6 of the gradient. The negative
control, in which pm (expression vector without insert) is
present, makes no particles containing vector sequences, al-
though the pm transcript is readily detected in the total RNA,
in the same quantities present in the other strains. The 8-18
plus strand is readily packaged, but the 8-20 RNA is not. This
corresponds to the difference in their K;’s (a fivefold differ-
ence) and is the result of a single base difference (the con-
served U in the loop).

The efficiency of packaging of the selected RNAs was quan-
tified by phosphorimager scans of the peak fraction (fraction 6)
in Fig. 6A and normalized by dividing by the amount of the
selected RNA present in the total RNA lane and by the
amount of Cap protein present in fraction 6 (as determined by
optical scanning of Coomassie brilliant blue-stained SDS-
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FIG. 6. Packaging of VBS sequences: detection of viral plus strand (A) and
minus strand (B). The viral plus strand, with several hundred bases from the
vector included, is produced from an expression vector with various VBS inserts
or without insert (pm), and the viral proteins are produced by endogenous
ScVLI1 particles. CsCl fractions of purified viral particles (fractions 3 to 10) had
RNA extracted, were run on a nondenaturing 1.5% agarose gel, were denatured,
were transferred to nitrocellulose, and were probed with labeled RNA tran-
scripts of the vector sequence included in the VBS transcripts, as described
elsewhere (23). Each set of fractions had a positive control, which is total RNA
from the same cells from which viral particles were purified. The probe in panel
A is the minus strand of the vector sequence, and the probe in panel B is the plus
strand. The autoradiograph of panel B was exposed about five times as long as that
of panel A and had four times as much RNA from each of the CsClI fractions.

PAGE gels). The efficiency of packaging (viral plus strand
normalized to RNA and Cap protein) is summarized in the last
column of Table 1. Since all the isolates had a maximum in
packaged RNA in fraction 6 of the CsCl gradient, only the
amount of Cap protein in this fraction was quantified, to sim-
plify the measurements. The relative packaging efficiency so
measured is only crudely reproducible (by a factor of two).
However, there is no simple relationship between efficiency of
packaging and K, although several isolates, especially 6-38,
are packaged more efficiently than the wild type. Isolate 6-38
reproducibly gives the best packaging efficiency.

Similar experiments in which fractions from CsClI gradients
were probed in Northern blots with the plus-strand probe (Fig.
6B) demonstrate that all the packaged RNAs are replicated, as
previously noted (23), although very poorly, since they lack the
3’ end normally required for replication (10). The limited
hybridization to RNA in the total cellular RNA is nonspecific.
The single band of minus strand present in particles is not
detectable in the total RNA and is clearly present only in
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C LS HS C LS HS
Plus Minus
FIG. 7. Replication of VBS sequences. The peak particle fraction (fraction 6)
from the 6-38 particle preparations had RNA extracted and was treated with
RNase A (20 wg/ml) with high salt (HS) (0.6 M NaCl) or low salt (LS) (no added
salt) or was untreated (C), and Northern blots were performed as for Fig. 6. The

plus strand was detected on the left, and the minus strand was detected on the
right, as indicated.

particles in which the plus strand has been packaged (compare
Fig. 6A and B).

All the viral minus strand is in dsSRNA, as shown in Fig. 7.
Clearly, there is much less minus strand than plus strand
present in viral particles. Phosphorimager scans of Fig. 7 show
about 80 times as much plus strand in single-stranded RNA as
in dsRNA, implying that only about 1.2% of the plus strand is
replicated. As expected, the amount of minus strand present is
the same with and without RNase treatment at high salt, im-
plying that all the minus strand is present as dsSRNA. Note that,
in these gels, the dsRNA and single-stranded RNA are not well
separated.

DISCUSSION

In vitro selection has made possible the derivation of a
consensus VBS for the S. cerevisiae dSRNA virus ScVLI1. The
ScV VBS requires conserved bases in the loop as well as a stem
with a bulged A residue. There are three conserved bases in
the ScV VBS loop: a G, a C, and a U. The other two positions
are preferably a pyrimidine and a residue other than G. Be-
cause the G and C residues are at the top of the stem, it is
possible that they form another base pair in the stem, rather
than being single stranded in the loop, so that the loop would
consist of three instead of five nucleotides. There are VBS
isolates that bind in which the G and C are reversed (e.g., 8-9),
so that a CG pair rather than a GC pair would exist at this
position. However, these bind rather poorly to viral particles.
The nuclease sensitivity mapping of secondary structure of the
VBS of the unbound RNA (23) shows the G residue in ques-
tion as in a single-stranded region. It is possible that the ter-
tiary structure of the VBS is altered during binding so that a
GC pair and a three-base loop result.

The ScV VBS is quite similar to the coat protein binding site
in R17 (Fig. 5), also determined by in vitro selection (22), as
well as by site-directed in vitro mutagenesis (19). However, the
affinity of the wild-type R17 coat protein binding site for the
coat protein is 1 to 2 orders of magnitude less than that of the
wild-type VBS for the Cap-Pol fusion protein (19). The con-
served bases in the R17 coat protein binding site are two A
residues in the loop and the bulged A residue, as well as a
pyrimidine in the loop (19, 22).

The three-dimensional structure of the MS2 coat protein-
R17 operator site complex (28) has been determined. All of
the protein-RNA contacts are to nucleotides outside the stem
regions in this system. In MS2, two coat protein monomers
form a dimer with a 10-stranded antiparallel B-sheet, in which
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residues from both monomers form contacts with the single
RNA operator. This situation may be different with ScV, in
which there is some evidence that two Cap-Pol monomers
form two independent binding domains (23). The evidence is
that binding to two nearby sites in one viral RNA (such as AS
RNA) is independent but that both sites are recognized, while
most viral particles appear to have only two Cap-Pol mono-
mers. This cannot be due to binding of two separate particles,
since the mobility shift remains the same as with an RNA with
a single site (e.g., SL1).

Since most of the sequences selected in vitro as binding to
viral particles are packaged and replicated in vivo, binding and
packaging appear to be synonymous. However, the fact that
there appears to be no direct correlation between the equilib-
rium dissociation constant (K,) and packaging efficiency may
mean that the rate of association, rather than the equilibrium
constant for binding, is important in packaging. Other cellular
or viral factors may also affect the process of packaging in vivo.
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