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Requirement of a 59-Proximal Linear Sequence on Minus Strands for Plus-Strand Synthesis
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Viral RNA replication begins with specific recognition of cis-acting RNA elements by the viral RNA-dependent RNA
polymerase (RdRp) and/or associated host factors. A short RNA element (39-AACCCCUGGGAGGC) located 41 bases from the
59 end of minus strands of satellite RNA C (satC), a 356-base subviral RNA naturally associated with turnip crinkle virus (TCV),
was previously identified as important for plus-strand synthesis using an in vitro RdRp assay (H. Guan, C. Song, A. E. Simon,
1997, RNA 3, 1401–1412). To examine the functional significance of this element in RNA replication, mutations were
introduced into the consecutive C residues in the element. A single mutation of the 39-most C residue resulted in
undetectable levels of satC plus strands when transcripts were assayed in protoplasts and suppressed transcription directed
by the element in vitro. However, satC minus strands were detectable at 6 h postinoculation (hpi) of protoplasts, accumulating
to about 10% of wild-type levels at 24 hpi. This mutation, when in the plus-sense orientation, had little or no effect on
minus-strand synthesis from full-length satC plus strands in vitro, suggesting that the 59-proximal RNA element is required

for satC plus-strand synthesis. In addition, in vivo genetic selection revealed a strict requirement for 10 of the 14 nucleotides
of the element, indicating that the primary sequence is essential for RNA accumulation. © 2000 Academic Press
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INTRODUCTION

Replication of positive-sense RNA viruses proceeds
through complementary minus-strand intermediates,
which in turn serve as templates for plus-strand RNA
synthesis. This process requires both cis-acting signals
located on viral RNA molecules and trans-acting factors
such as virus-encoded RNA-dependent RNA polymerase
(RdRp) and host proteins (Buck, 1996; Lai, 1998).

A wide variety of cis-acting promoter elements, rang-
ing from short linear sequences to extensive multiple
stem-loop structures, are recognized by RdRp. For exam-
ple, brome mosaic virus (BMV) has three different types
of promoters: a tRNA-like structure at the 39 end of the
genomic RNAs that contains elements required for mi-
nus-strand synthesis, a promoter located at the 39 termi-
nus of minus-strand intermediates for genomic plus-
strand RNA synthesis, and an internal subgenomic RNA
promoter (Dreher and Hall, 1988; Marsh et al., 1988;
Pogue et al., 1992; Pogue and Hall, 1992; Duggal et al.,
1994). Recognition of at least the subgenomic RNA core
promoter by the BMV RdRp in vitro is through a se-
quence-specific mechanism (Siegel et al., 1997, 1998).
How a single RdRp recognizes diverse linear and hairpin
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elements is not known, but may involve different RNA-
binding sites in the RdRp or different host factors. Stud-
ies with Qb replicase indicate the presence of two dif-
ferent RNA-binding sites responsible for the recognition
of pseudoknot structures and pyrimidine-rich sequences
(Brown and Gold, 1995a,b). Furthermore, hairpins found
in promoter regions may be present for reasons other
than directing RdRp recognition. Singh and Dreher (1998)
have demonstrated that specific recognition of a 39-CCA
triplet by the turnip yellow mosaic virus RdRp requires
only an adjacent nonspecific secondary structure, indi-
cating that the function of the structure is to keep the
specific sequence sterically accessible to the RdRp
and/or associated factors.

While cis-acting signals required for RNA replication
ave generally been localized to the ends of virus
enomic RNAs (Duggal et al., 1994; Buck, 1996), internal
is-acting elements are necessary for replication of
ome RNA viruses including BMV (French and Ahlquist,
987; Pogue et al., 1992). For bacteriophage Qb, two

nternal sites are required for the synthesis of minus
trands (Barrera et al., 1993) while an internal region
onsisting of a stem-loop structure is involved in plus-
trand synthesis of a defective-interfering (DI) RNA of
ouse hepatitis virus (Lin and Lai, 1993; Kim and
akino, 1995). An internal region in potato virus X

enomic RNA participates in a long-distance interaction

ith terminal sequences, which is required for efficient
lus-strand synthesis (Kim and Hemenway, 1999). The
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356 GUAN, CARPENTER, AND SIMON
function of internal cis-acting elements is not well
nown, but roles in RNA folding, host factor binding, and
eplicase assembly have been proposed (Buck, 1996;
lovins et al., 1998; Kim and Hemenway, 1999).

Defining a complete set of elements required for rep-
ication of a viral RNA is complicated by the large size of

ost viral RNAs. Identification of internal sequences
equired for replication has mainly come from studies
here random, limited deletions were generated, mak-

ng it likely that the majority of specific virus regions
nvolved in replication for any given genomic RNA remain
o be determined. Also complicating studies on virus
eplication is the link between replication and transla-
ion; sequences required for translation of many viral
roteins can have a substantial, but indirect, impact on

eplication.
Turnip crinkle virus (TCV), a single-stranded positive-

ense RNA virus, is naturally associated with several
mall subviral RNAs (Simon and Howell, 1986). Since

hese viral-associated RNAs are not translated and are
eplicated by the viral RdRp, they have been very useful
n studying sequences required for RNA replication
Song and Simon, 1995; Guan et al., 1997; Stupina and

Simon, 1997; Carpenter and Simon, 1998). One of the
subviral RNAs, satC, is a chimeric RNA containing the
sequence of a second TCV subviral RNA at its 59 end and
two regions from TCV genomic RNA at its 39 end (Simon
and Howell, 1986). The promoter for minus-strand syn-
thesis of satC is a hairpin with a single-stranded tail
contained within a 29-base sequence at the 39 end of the
RNA (Song and Simon, 1995a; Stupina and Simon, 1997;
Carpenter and Simon, 1998). Two short elements on satC
minus strands, located 11 bases from the 39 end (39-
UCCCAAAGUAU) and 41 bases from the 59 end (39-
AACCCCUGGGAGGC), were previously identified by de-
letion analysis as having a role in complementary strand
synthesis in vitro (Guan et al., 1997). Deletion of both
elements was required to eliminate detectable comple-
mentary strand synthesis, suggesting that the elements
play a redundant role under in vitro conditions (Guan et
al., 1997). When joined to the 39 end of a Qb bacterio-
phage-associated midivariant (MDV) RNA, which alone
is not a template for the TCV RdRp, either element can
direct the TCV RdRp to synthesize complementary
strands in vitro with transcription initiating internally in
he vicinity of the multiple C residues within the ele-

ents. We now report that the 59-proximal element is
equence-specific and essential for satC plus-strand
ynthesis in vivo.

RESULTS AND DISCUSSION

he 59-proximal element is required for replication in
vivo
The 59-proximal element and other sequences that
can serve as TCV promoters, including the promoter for
satC minus-strand synthesis and two subgenomic RNA
promoters located on the viral genomic RNA, contain
multiple consecutive C residues (Song and Simon,
1995a; Wang and Simon, 1997; Wang et al., 1999). In
addition, multiple consecutive C residues are present in
a hairpin replication enhancer element located on satC
minus strands, which is thought to aid in attracting the
RdRp to the template (Nagy et al., 1998, 1999). To deter-
mine if the in vitro identified 59-proximal element is im-
portant for satC accumulation in protoplasts, mutations
were introduced into positions 304 to 307 containing four
consecutive C residues (Fig. 1A). Conversion of the C
residue at position 304 (C304) to A, U, or G, either singly or
in context with other alterations, eliminated detection of
satC plus strands at 24 h postinoculation (hpi) (con-

FIG. 1. Mutational analysis of the 59-proximal element. (A) Mutations
ntroduced into the consecutive C residues (underlined) of the element.
atC minus strand is represented by a black bar. The 59-proximal
lement is denoted by a small open box. The 59-proximal sequence is

shown under the bar and positions with respect to location in the minus
strand are indicated. Dots indicate no change of base. Names of the
constructs are shown to the left. WT, wild-type satC. (B) RNA gel-blot
analysis of TCV genomic RNA (gRNA), satC plus strand [C(1)], and
minus strand [C(2)]. To probe gRNA and C(1), equal amounts of total

NA isolated from 2 3 105 protoplasts at 24 hpi were subjected to
agarose gel electrophoresis. Double-stranded RNA obtained from 8 3
105 protoplasts was used to detect satC minus strands. None, no
sat-RNA added.
structs M1, M3, and M6-10, Fig. 1B) while minus strands
accumulated at 10 to 35% of wild-type. Single-, double-,
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and triple-base mutations introduced into the other three
C residues at positions 305 to 307 reduced plus-strand
accumulation of satC to 20% of wild-type at 24 hpi (con-
structs M2, M4, and M5, Fig. 1B). Minus strands of these
three mutants accumulated at 20 to 30% of wild-type at
this time point (Fig. 1B).

Since minus-strand levels at 24 hpi are also a reflec-
tion of the level of nascent plus strands, we tested the
effect of the mutations in the 59-proximal element region
on minus-strand synthesis of satC in protoplasts at early
times postinoculation (6, 9, and 12 hpi). As shown in Fig.
2, alteration of the C residue at position 307 to G (con-
struct M2), which reduced plus-strand accumulation to
20% of wild-type at 24 hpi (Fig. 1), resulted in almost
undetectable plus-strand accumulation at 6 hpi, a time
point where wild-type satC plus strands were clearly
detectable. Plus-strand levels of this mutant reached 2.5
and 10% of wild-type at 9 and 12 hpi, respectively (Figs.
2A and 2B). In contrast to the barely detectable accumu-
lation of plus strands at 6 hpi, minus strands of M2
mutant accumulated to 2% of wild-type at 6 hpi (Figs. 2A
and 2C). At 9 and 12 hpi, minus-strand levels increased
to 4 and 12% of wild-type, respectively. No plus strands of
construct M3 were detected at 6, 9, or 12 hpi (Fig. 2A). In
contrast, minus strands of M3 accumulated at 2.5, 3, and
3.5% of wild-type levels at the three time points, respec-
tively (Figs. 2A and 2C). Altogether, these results suggest
that minus strands of template containing an A at posi-
tion 304 (M3) are synthesized at a very low rate from
basal levels of transfected plus strands, while further
synthesis of nascent plus strands from minus-strand
template is inhibited.

Alteration of C304 abolishes transcription directed by
the 59-proximal element in vitro

To further explore whether alteration of C304 mainly
affects plus-strand synthesis, plus- and minus-strand
templates containing mutations at position 304 were
subjected to in vitro transcription using the TCV RdRp.
Since full-length satC minus strands contain the 39-prox-
imal element and either element is sufficient to direct
complementary strand synthesis in vitro (Guan et al.,
1997), chimeric RNAs were constructed containing the
59-proximal element and downstream sequences (posi-
tions 284 to 356) of satC minus strands joined to non-
template Qb bacteriophage-associated MDV RNA gen-
erating construct MC59(2) (Fig. 3A). Initiation of tran-
scription for this construct is not at the 39 end of the
transcript but internally within the multiple consecutive C
residues of the 59-proximal element, producing a com-
plementary product shorter than template length (Guan
et al., 1997). Since the conversion of C304 to A in satC
minus strands eliminated detectable plus-strand synthe-

sis in vivo (Fig. 1B and Fig. 2A, M3), the same mutation

as introduced into the chimeric construct to generate
MM59(2) (Fig. 3A). Results obtained from in vitro tran-
scription reactions indicate that the C to A change when
the 59-proximal element is in minus-sense orientation
caused a 95% reduction in activity (Fig. 3B). To test the
mutation’s effect when in the plus-sense orientation, a

FIG. 2. Effect of mutations in the 59-proximal element on satC accu-
mulation in protoplasts at early times postinoculation. (A) RNA gel-blot
analysis. Time points of the sampling are shown above the blots. See
legend to Fig. 1 for other details. The relative levels of satC plus (B) and
minus strands (C) were measured from the blots shown in (A) and
another independent experiment. Error bars indicate standard error.
second construct was generated containing positions
284 to 356 of satC plus strands, which contains the
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358 GUAN, CARPENTER, AND SIMON
hairpin promoter for minus-strand synthesis, connected
to the 39 end of MDV RNA (construct MC39(1), Fig. 3A).
Transcription initiating from this construct is at the 39
end, generating a template-length product (Fig. 3B). Al-

FIG. 3. In vitro transcription using partially purified RdRp and chi-
eric RNA templates containing a mutation at position 304 of plus- and
inus-strand satC. (A) Schematic representation of the chimeric RNAs

erived from MDV RNA and the 59-end sequence of satC minus strand
r the 39-end complementary sequence of satC plus strand. Black and
haded bars represent satC minus- and plus-strand sequences, re-
pectively. Long open bar denotes MDV RNA (220 bases). Small open
ox represents the 59-proximal element. Hatched bar indicates the 18
lasmid-derived nucleotides. The 59-proximal element and the hairpin
romoter for satC minus-strand synthesis are shown. Numbers indi-
ate positions with respect to location in satC. Mutations introduced

nto position 304 are indicated. Names of constructs are shown to the
ight. Bent arrows denote the putative transcription start sites. (B)
enaturing gel analysis of 32P-labeled products synthesized in vitro.
he ethidium bromide-stained gel showing the migration positions and

he relative levels of the templates is shown to the left of the autora-
iogram.
teration of the analogous G residue at position 304 to U
reduced activity of the hairpin promoter by 30% (con-
struct MM39(1), Fig. 3B). These results suggest that the
ability of the 59-proximal element in the minus-sense

rientation to serve as a promoter in vitro is connected to
ts function in vivo and that the element functions primar-
ly, but possibly not exclusively, in the minus-sense ori-
ntation.

The effect of the mutations at position 304 on full-
ength template activity in vitro was also assayed. The
CV RdRp generated both template-sized products (T-
NA), which are synthesized by transcription initiation at

he 39 terminus of the template, and larger-than-tem-
late-length products (L-RNA) (C(2), Fig. 4), which are
ynthesized by primer extension from the template 39
nd at an internal location (Song and Simon, 1995b).
onversion of C304 to A in the 59-proximal element had

ittle or no effect on T-RNA synthesis in vitro (M3(2), Fig.
4). This is likely because the minus-strand template con-
tains the 39-proximal element that can also direct com-
plementary strand synthesis in vitro (Guan et al., 1997).
However, synthesis of L-RNA and other larger-than-full-
length products was markedly reduced by this mutation,
suggesting that the mutation interferes with priming of
RNA synthesis at internal locations. Transcription of full-
length plus-strand satC template in vitro produced only
template-length products (C(1), Fig. 4). Alteration of the
G residue at position 304 to U in the plus-strand RNA did
not reduce template activity in vitro (M3(1), Fig. 4). While
it is not clear what role the ability to generate L-RNA has
on normal replication in vivo, these results further dem-
onstrate that position 304 in satC functions mainly on
minus strands of satC.

FIG. 4. In vitro transcription of full-length satC plus- and minus-
strand templates using TCV RdRp. M3(2) denotes satC minus
strand with a C to A change at position 304. M3(1) is satC plus
strand containing an alteration of G to U at the same position.

T
p

-RNA, template-sized products; L-RNA, larger-than-template-length
roducts. See legend to Fig. 3.
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359INTERNAL cis-ACTING ELEMENT ON MINUS STRANDS
The primary sequence of the 59-proximal element is
important for accumulation of satC in plants

To further identify sequence requirements of the 59-
roximal element for satC accumulation in vivo, the se-
uence of the element was randomized and in vivo
enetic selection, also known as SELEX (Systematic
volution of Ligands by Exponential enrichment) (Elling-

on and Szostak, 1990; Tuerk and Gold, 1990), was car-
ied out as described under Materials and Methods.
ranscripts of satC containing 14 randomized bases in

he 59-proximal element were coinoculated onto 42 tur-
ip seedlings along with the TCV helper virus. Total RNA
as isolated from uninoculated leaves at 21 days post-

noculation (dpi). Only 2 of the 42 infected plants (plants
and 11) generated satC-sized RNAs that were visible in

thidium bromide-stained agarose gels (data not shown;
atC normally accumulates to a level similar to that of 5S
ibosomal RNA). Although sat-RNA species were not
etectable in the other plants, satC species could be
loned from all infected plants. All cloned satC-like spe-
ies accumulating in 12 randomly selected plants con-

ained similar sequences in the 59-proximal element re-
ion (Table 1). The wild-type sequence was also recov-
red from one of the analyzed plants (plant 8), indicating

hat sufficient complexity existed in the initial random-
zed population to recover the wild-type sequence. This
s in contrast with the results obtained from in vivo
ELEX of the 39 end of satC minus strands, including the

T

First-Round

Name Sequencea 1 2 3 4

WT 39-AACCCCUGGGAGGC
1-a AACCGCUGGGAGGU 5
1-b AgCCGCUGGGAGGU 1
2-a AAUCCACUGGGAGG 2
2-b AAUCCACUGaGAGG 2
3-a CACCUCUGGCGAGG 1
3-b CACucCUGGCGAGG 3
3-c CACuUCUGGCGAGG 1
4-a GACCACUGGAUAGG 2
4-b aACCACUGGAUAGG
4-c cACCACUGGAUAGG
5-a AACCUCUGGGAAGG
5-b AACCUgUGGGAAGG
6-a CCUGCCACGGUGGA

Total clones sequenced

a Only sequences in the 59-proximal element region are shown. L
olecule. All the sequences, except sequence 6-a from plant 19, cont
9-proximal element region. The most conserved bases are shown in

b The number of clones of each sequence found in the plants is ind
9-proximal element, in which no wild-type or identical
sequences were generated in different plants from the
first round (Guan et al., 2000). However, unlike the se-
quence-specific nature of the 59-proximal element (see
below), little sequence conservation was found within
the 39-proximal element.

Comparison of the recovered molecules revealed the
presence of the consensus sequence 39-(A/C/G)ACC-
NCUGGN1–2AGG(C/U)0–1 in the 59-proximal region of all
cloned RNAs except those obtained from plant 19 (Table
1). The bases at position N1–2 in the consensus sequence
were not completely random; if one base was present at
this position, it was usually a G residue. If two bases
were present, they were usually a combination of AU,
CG, or GA (39 to 59 orientation). In addition, the least

onserved sequence (found in plant 19) still contained
ultiple C residues followed by multiple purines, which

s the hallmark of the 59- and 39-proximal elements (Guan
et al., 1997). These results suggest that alterations at
only limited positions are tolerated in the 59-proximal
element.

To subject the sat-RNA sequences to further compe-
tition, equal portions of total RNA from the 12 analyzed
plants (pool 1) or all 42 infected plants (pool 2) from the
first round were combined and inoculated onto 8 new
plants. Three weeks after inoculation, sat-RNA species
were cloned and sequenced. Clone 1-a, which differed
from the wild-type sequence at only two positions in the
59-proximal element and was previously identified in
plant 1 from the first round, was recovered from all 8

Selection

Plantb

6 7 8 10 11 19 20 26

3

2 5 1 1 2 2
1

3
1 1 3

4
2

48

se letters denote differences from an arbitrarily selected “parental”
consensus sequence, 39–(A/C/G)ACCNCUGGN1–2AGG(C/U)0–1, in the
ABLE 1

in Vivo

owerca
ain the
plants inoculated with RNA of pool 1 (Table 2). This
sequence was the only species found in 7 of the 8 plants.
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360 GUAN, CARPENTER, AND SIMON
Two other RNA species (1-c, which differed from se-
quence 1-a at one position, and 3-b, which was previ-
ously identified in plant 3 of the first round) were cloned
from one of the plants (plant 6). No clones containing
wild-type sequence were recovered, although wild-type
satC was contained in pool 1 from plant 8 (Table 1). In
contrast, almost all RNA molecules obtained from inoc-
ulation of pool 2 were wild-type (Table 2), suggesting that
additional wild-type satC was accumulating in unana-
lyzed plants of the first round.

Although a single-base change of C304 to U abolished
lus-strand synthesis in protoplasts (M1, Fig. 1), several
f the SELEX sequences such as 2-a, 2-b, and 6-a con-

ained a U residue at this position. Comparison of se-
uences 2-a, 2-b, and 6-a indicates that all contained

CCNC” immediately or 1 base 59 of the U residue at
osition 304. This suggests that a C residue at position
04 or “CCNC” in a nearby position relative to other
ssential bases in the 59-proximal element is important

or satC plus-strand synthesis.
Bases in the unconserved positions of the 59-proximal

lement may also affect template activity, since a single
urine in position N1–2 was preferred. Sequence 1-a and
ild-type satC contained a G residue in this position,
hile the other recovered sequences had 2 bases at this

ite. An extra base in this position may affect the recog-
ition of the element by the TCV RdRp and/or associated

actors (see below), thus resulting in a reduction in RNA
ompetitiveness for accumulation. Nucleotide insertions
r deletions between the four key nucleotides in the BMV
ubgenomic RNA core promoter decrease promoter ac-

ivity in vitro (Stawicki and Kao, 1999).
To assess whether sequence 1-a or wild-type satC

as more fit for accumulation, competition assays were
onducted. Equal amounts of transcripts of sequence 1-a
nd wild-type satC were used to inoculate nine plants
long with TCV helper virus. Sat-RNA species were
loned at 10 or 21 dpi. These two sequences, which differ

T

Second-Roun

Name Sequencea

Pool 1b

1 2 3 4 5

WT 39-AACCCCUGGGAGGC
1-a AACCGCUGGGAGGU 6 5 6 3 6
1-c AACCGCcGGGAGGU
3-b CACUCCUGGCGAGG

Total clones sequenced 40

a See the legend to Table 1.
b RNA used for infection was pooled from the 12 plants analyzed in
c RNA used for infection was pooled from all 42 infected plants from
y only 2 bases at nonconserved positions 306 and 315
n the element, were similarly competent for accumula-
ion in plants (Table 3), indicating that strict nucleotide
onservation is not required at positions 306 or 315.

Computer secondary structure analysis using an algo-
ithm that predicts optimal and suboptimal RNA struc-
ures (Zuker et al., 1991) indicates that the 59-proximal
lement might form secondary structures with other se-
uences on satC minus strands. However, replacement
f C304 with U or A did not affect the predicted structures.

In addition, mutations disrupting the predicted structures
had no effect on template activity in vitro (data not
shown). Altogether, these results suggest that the pri-
mary sequence, especially the 10 most conserved
bases, of the 59-proximal element are important for RNA
replication and/or RNA stability, possibly from recogni-
tion by the RdRp or other replication factors. The pres-
ence of a linear RNA element is reminiscent of the BMV
subgenomic RNA core promoter, in which 4 of 22 nucle-
otides (at positions 217, 214, 213, and 211) are essen-
tial for recognition by the BMV RdRp in vitro (Siegel et al.,
1997, 1998).

Possible functions of the 59-proximal element

In addition to the 59-proximal element and possibly the
39-proximal element (Guan et al., 2000), two additional

vo Selection

Pool 2c

7 8 1 2 3 4 5 6 7 8

6 5 6 6 6 4 6 5
5 4 2

46

t round.
rst round.

TABLE 3

Competition between Wild-Type satC and Sequence 1-a
for Accumulation in Vivo

Name Sequencea

Plantb

1–3 1–9

10 dpi 21 dpi

WT 39-AACCCCUGGGAGGC 10 25
1-a AACCgCUGGGAGGu 8 26

Total clones sequenced 18 51

a See the legend to Table 1.
b

ABLE 2

d in Vi

6

3
1
1

The number of clones for the sequence found in plants 1–3 at 10 dpi
or plants 1–9 at 21 dpi is shown.
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361INTERNAL cis-ACTING ELEMENT ON MINUS STRANDS
sequences are known to be required for efficient accu-
mulation of plus-strand satC in vivo: the 39-terminal se-
quence (39-CCCUAU) of satC minus strands known as
the carmovirus consensus sequence (Guan et al., 2000)
and a 30-base hairpin structure called the motif1-hairpin.
The motif1-hairpin is located between the 39 end and the
59-proximal element in satC minus strands and is re-
quired for recombination between a second TCV subviral
RNA and satC (Cascone et al., 1993; Nagy and Simon,
1998; Nagy et al., 1998). In addition, the motif1-hairpin
enhances satC plus-strand accumulation in protoplasts
and increases transcription from the linear 39-proximal
element by almost 10-fold in vitro (Nagy et al., 1999).
Based on competition experiments, the motif1-hairpin is
thought to bind either the RdRp or a factor that bridges
the connection between the RdRp and the RNA template
(Nagy et al., 1998). The motif1-hairpin contains 8 bases
(39-CUGGGAGG) also found in the 59-proximal element,
and thus it is possible that the 59-proximal element also
serves as an attractor for the TCV RdRp.

While the 59-proximal element can function as an in-
dependent promoter in vitro, transcription only initiates
internally at the multiple consecutive C residues within
the element (Guan et al., 1997; Fig. 3 in this paper). It is
unlikely that such initiation occurs to any great extent in
vivo, since the RNAs generated would be inviable. There-
fore, if the 59-proximal element serves as a promoter
element in vivo, it must do so only within the context of
sequences that help target the RdRp to the 39 end of the
template. It is possible, however, that the ability of the
59-proximal element to attract the RdRp, and thus serve
as a promoter in vitro, is necessary to fulfill a role other
than as a promoter in vivo. For example, the RdRp and/or
host factors may serve as RNA chaperones to assist in
folding the newly synthesized minus-strand RNA and
eliminate the formation of kinetically trapped intermedi-
ates (Herschlag, 1995). This function would be similar to
one of the two internal replicase-binding sites (M site) in
Qb RNA that is involved in a long-range interaction with
the 39 end of the bacteriophage RNA, which brings the 39
end to the bound replicase at the M site (Klovines et al.,
1998). Further studies are currently underway to charac-
terize the relationship between the structure of satC
minus strands and the functions of the various elements
required for satC plus-strand synthesis.

MATERIALS AND METHODS

Site-directed mutagenesis of the 59-proximal element

Site-specific mutations were introduced into the mul-
tiple C residues (positions 304 to 307) in the 59-proximal
element using polymerase chain reaction (PCR). The
primers used in the reaction were the 220 sequencing
primer (Biolabs) and a 29-mer oligonucleotide, which

contains positions 294 to 322 of satC with randomized
bases in positions 304 to 307 (59-GGTGGGCTTT-
NNNNACCCTCCGAACCAAT, the randomized bases are
denoted by “N”). The template was plasmid pT7C(1),
which contains a full-length satC cDNA immediately
downstream from a T7 RNA polymerase promoter (Song
and Simon, 1995a). The PCR product was treated with T4
DNA polymerase, followed by digestion with EcoRI, and
then ligated into EcoRI/HindIII-digested pUC19 with a
second PCR product. The second PCR product was am-
plified using oligo 293 (59-CTTTCGGGATTTTAGTGGTT,
complementary to positions 274 to 293) and the 248
everse sequencing primer (Biolabs). Before ligation, this
roduct was treated with T4 DNA polymerase and di-
ested with HindIII. All the clones contained a T7 RNA
olymerase promoter upstream of full-length satC con-

aining site-specific mutations in positions 304 to 307.
To construct minus-sense satC containing mutations

n positions 304 to 307, the plus-sense satC cDNA mu-
ants as described above were used as templates for
CR. The primers used were C59 (59-GGGATAACTA-
GGGTTTCA, homologous to positions 1 to 19 of satC)
nd T7C39 (59-GTAATACGACTCACTATAGGGCAGGC-
CCCCGTCCGA, complementary to positions 338 to 356
f satC; the 59 18 nucleotides are the T7 RNA polymerase
romoter sequence). The PCR products were cloned into

he SmaI site of pUC19 and mutations were verified by
equencing.

n vitro transcription and inoculation of Arabidopsis
rotoplasts

Plasmids were linearized with SmaI (unless otherwise
oted) and subjected to in vitro transcription using T7
NA polymerase (Carpenter et al., 1995). The SmaI-lin-
arized plasmids generated RNA transcripts containing

he wild-type 39 and 59 ends. Protoplasts (5 3 106) pre-
pared from Col-0 callus cultures were inoculated with 20
mg of TCV genomic RNA transcripts and 2.0 mg of either
wild-type or mutant satC transcripts as described previ-
ously (Kong et al., 1997).

RNA gel-blot analysis

Total RNA extracted from protoplasts at 6, 9, 12, or 24
hpi was used for RNA gel-blot analysis as previously
described (Guan et al., 2000).

onstruction of RNA chimeras

To construct RNA chimeras, positions 284 to 356 of
ild-type or mutant satC in either plus- or minus-strand
rientation were joined to the 39 end of MDV RNA. cDNA

ragments containing positions 284 to 356 were ampli-
ied by PCR from pT7C(1) or a mutant satC clone (pM2),

which contains an A/T basepair in position 304 in place
of the wild-type G/C pair. The primers used were oligo
284 (59-ATCCCGAAAGGGTGGGCT, homologous to posi-

tions 284 to 301) and oligo 7 (59-GGGCAGGC-
CCCCCGTCCGA, complementary to positions 338 to
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356). The PCR products were treated with T4 DNA poly-
merase and cloned into the SmaI site of pT7MDV (Axel-
rod et al., 1991). Plasmids containing positions 284 to 356
of satC in plus and minus orientations were selected and
linearized with SmaI and EcoRI, respectively. EcoRI-di-
gested plasmids produced T7 transcripts with 18 addi-
tional plasmid-derived bases at the 39 end.

In vitro transcription using the TCV RdRp

In vitro transcription using partially purified TCV RdRp
was carried out as described previously (Guan et al.,
1997). Autoradiograms were scanned with a GS-700 den-
sitometer and the relative template activities were cal-
culated after being normalized to the template levels.

In vivo genetic selection

In vivo genetic selection was performed as previously
described (Carpenter and Simon, 1998; Guan et al.,
2000). A cDNA product containing a T7 RNA polymerase
promoter upstream of positions 1 to 301 of satC was first
amplified by PCR from pT7C(1) using primers T7C59
(59-GTAATACGACTCACTATAGGGATAACTAAGGG) and
C287–301 (59-AGCCCACCCTTTCGG). The PCR product was
purified through an agarose gel and then used as tem-
plate in a second PCR with primers T7C59 and 302-
315SEL, which contains positions 287 to 356 of satC
minus strand with positions 302 to 315 randomized. Prod-
ucts of the second PCR contained a T7 RNA polymerase
promoter upstream of full-length satC with randomized
bases in positions 302 to 315.

For the first-round selection, 42 two-week-old turnip
seedlings were inoculated with transcripts (;5 mg/plant)
synthesized from the second PCR product along with
TCV helper virus. SatC-sized species from 12 randomly
selected plants at 21 dpi were amplified by RT-PCR using
primers T7C59 and oligo 7 and cloned into the SmaI site
of pUC 19. This clone contained full-length satC se-
quence immediately downstream from a T7 RNA poly-
merase promoter. All the clones were sequenced using
a primer homologous to positions 206 to 223.

For the second-round selection, total RNA from the 12
analyzed plants or all 42 infected plants of the first round
were pooled, and each RNA pool was then reinoculated
onto 8 turnip seedlings (;5 mg/plant). SatC-sized spe-
cies at 21 dpi were assayed as described above.

Competition assays between wild-type satC and
sequence 1-a

Equal amounts of transcripts (0.2 mg/plant) of wild-type
satC and sequence 1-a were used to inoculate nine
turnip seedlings along with TCV genomic RNA tran-

scripts (2 mg/plant). SatC-like molecules were assayed at
10 or 21 dpi as described above.
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