Stable RNA structures can repress RNA synthesis in vitro
by the brome mosaic virus replicase
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ABSTRACT

A 15-nucleotide (nt) unstructured RNA with an initiation site but lacking a promoter could direct the initiation of RNA synthesis
by the brome mosaic virus (BMV) replicase in vitro. However, BMV RNA with a functional initiation site but a mutated promoter
could not initiate RNA synthesis either in vitro or in vivo. To explain these two observations, we hypothesize that RNA structures
that cannot function as promoters could prevent RNA synthesis by the BMV RNA replicase. We documented that four different
nonpromoter stem-loops can inhibit RNA synthesis from an initiation-competent RNA sequence in vitro. Destabilizing these
structures increased RNA synthesis. However, RNA synthesis was restored in full only when a BMV RNA promoter element was
added in cis. Competition assays to examine replicase-RNA interactions showed that the structured RNAs have a lower affinity
for the replicase than do RNAs lacking stable structures or containing a promoter element. The results characterize another

potential mechanism whereby the BMV replicase can specifically recognize BMV RNAs.
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INTRODUCTION

Viruses with genomes of positive-strand RNA include im-
portant pathogens of plants, animals, and humans, such as
the causative agents of polio and hepatitis C (Buck 1996).
The replication of these viruses is essential for virulence.
Replication requires specific interaction between sequences
within the viral genome and the viral replicase, a complex of
viral and cellular proteins. How this specificity is achieved is
only beginning to be elucidated.

Brome mosaic virus (BMV) is a model positive-strand
RNA virus of plants that is widely used to study viral rep-
lication and gene expression (Kao and Sivakumaran 2000).
Its genome is composed of three RNAs that share a com-
mon sequence at their 3" 190 nucleotides (nt) that can fold
into a tRNA-like structure containing the canonical 3’ CCA
sequence (Fig. 1A; Ahlquist et al. 1981; Fechter et al. 2001).
During infection, the tRNA-like structure directs minus-
strand RNA initiation at the 3" CCA sequence (the pre-
ferred initiation cytidylate is underlined). The minus-strand
RNAs then direct genomic plus-strand RNA synthesis. In
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addition, minus-strand RNA3 can direct the synthesis of a
subgenomic plus-strand RNA4 from an internal initiation
site. Specific recognition of the tRNA-like structure requires
a structure named SLC (Fig. 1A; Dreher and Hall 1988).
The high-resolution structure of the terminal stem loop
portion of SLC was determined by NMR (Kim et al. 2000)
and has a well-defined conformation in which the 5'-most
adenine protrudes from the loop and forms a clamped ad-
enine motif (CAM). This adenine is important for RNA
synthesis in vitro and in vivo, and can bind the BMV rep-
licase (Chapman and Kao 1999; C.H. Kim and Kao 2001;
Rao and Hall 1993).

Despite the apparent requirement for specificity determi-
nants in BMV RNA synthesis, a sequence containing only
an initiation site, such as a 5'CCA3’ can direct RNA syn-
thesis in vitro. Deiman et al. (1998) found that disruption of
the 5'-stem loop that directs turnip yellow mosaic virus
(TYMY) minus-strand RNA synthesis only results in a two-
fold decrease of transcription efficiency. However, muta-
tions that prevented access to the 3’ two cytidylates that
serve as the TYMV initiation site abolished RNA synthesis
completely. Yoshinari et al. (2000) confirmed these results
and further showed that the replicases from turnip crinkle
virus (TCV) phage QB can synthesize RNA from an RNA
containing 3-nt repeats of the sequence 5'CCA3’. In fact,
even the BMV replicase is capable of RNA synthesis from
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FIGURE 1. BMV RNA synthesis in vivo and in vitro. (A) Schematic of the BMV 3’ ~190 nt,
which functionally mimics a tRNA-like sequence. The structure is modeled after the one in
Fechter et al. (2001). The names of the various stem-loops are in bold letters from A to F,
except for SLC. The sequence and secondary structure of SLC is shown to the right of the
schematic. The name mSLC denotes an RNA3 with mutation in the CAM. (B) Northern blot
result demonstrating that BMV RNA3 with a single-nucleotide change in the CAM of SLC is
unable to direct RNA synthesis in transfected barley protoplasts despite having a wild-type
initiation CCA sequence. As will be the case for all of the figures, most results will be shown
in duplicate, independent reactions to demonstrate reproducibility. Lanes labeled “wtSLC”
contain RNA from protoplasts transfected with wild-type transcripts of the three BMV RNAs.
Lanes labeled “mSLC” were from protoplasts transfected with wild-type BMV RNA1 and
RNA2 and RNA3 with the mSLC mutation. The RNAs were probed to detect minus-strand
BMV RNAs. Probing with a probe recognizing cellular 18S rRNA revealed that all lanes
contained comparable amounts of RNA (data not shown). The numbers to the left of the
autoradiogram identifies the minus-strand RNAs in the Northern blot. (C) Schematics of R15,
a relatively unstructured RNA that could potentially exist in two conformations in solution,
and C-R15, which contains SLC fused 5’ of R15. mC-R15 contains a single nucleotide change
at the CAM. (D) RNA synthesis by the BMV replicase from the templates shown in (C).
Qualitative results for all reactions were run in duplicate in the autoradiogram to demonstrate
reproducibility of the results. “¢” denotes a reaction performed in the absence of exogenously
provided RNA. The products from C-R15 contain both the template-length product (46 nt)
and a putative recombinational dimeric product (R) similar to the ones previously observed
in M.J. Kim and Kao (2001). The lengths of the products were determined by comparison to
the previously characterized products from SLC+8 (Kim et al. 2000) and —20/13 (Siegel et al.
1998). Quantifications of the 14- and 46-nt RNAs synthesized from three independent reac-
tions are shown below the autoradiogram. All quantifications were normalized for the number
of radiolabled cytidylates incorporated relative to the control and are from two independent
assays.

some single-stranded templates less than 20 nt long if the
preferred initiation cytidylate is positioned as the penulti-
mate nucleotide from the 3’ terminus (Siegel et al. 1998;
Sivakumaran and Kao 1999; Tayon et al. 2001). Altogether,
these results suggest that the elements for replicase binding
and for the initiation of RNA synthesis can function inde-
pendently of each other. Consistent with this, RNA synthe-
sis in vitro by the BMV and cucumber mosaic virus (CMV)
replicases can be inhibited by specificity elements that lack
an initiation site (Siegel et al. 1998; Chapman and Kao 1999;
Chen et al. 2000; Sivakumaran et al. 2002).

RESULTS

RNA synthesis
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If the initiation site is sufficient to di-
rect RNA synthesis, one would expect
that some cellular RNAs, such as tRNAs
with their canonical 3’ CCA sequence,
could direct RNA synthesis by the BMV
replicase. In fact, tRNATyr can not di-
rect synthesis unless the BMV SLC was
fused to it and 2 nt are inserted just 5" of
the CCA sequence (Ranjith-Kumar et al.
2003). The addition of the 2 nt alone is
insufficient for RNA synthesis in vitro,
and a mutation in the clamp adenine of
SLC also decreased RNA synthesis to
near background levels (Ranjith-Kumar
et al. 2003).

The results showing that specificity
determinants are required in longer
RNAs but not in minimal length RNAs
that, presumably, lack stable structure
seemed incongruous. To reconcile both
sets of results, we hypothesize that RNA
structures that are incapable of serving
as promoter elements will inhibit initia-
tion of RNA synthesis by the BMV rep-
licase. This model accounts for the ob-
servation that the BMV replicase is in-
capable of efficient RNA synthesis in
vitro when the CAM is mutated (Chap-
man and Kao 1999; Kim et al. 2000).
Nagy et al. (1999) also observed that
nonpromoter stem-loops decreased
RNA synthesis by the turnip crinkle vi-
rus replicase in vitro. Yoshinari et al.
(2000) proposed that an RNA secondary
structure could prevent initiation, but
evidence in support of this model has
been heretofore lacking.

In this work, we document that four
different nonpromoter stem-loops can
inhibit RNA synthesis from an initia-
tion-competent RNA sequence, but that
the inhibition is relieved by the presence
of SLC. Competition assays indicate that
replicase binds the structured RNAs

poorly in comparison to RNAs that lack stable structures.
Nonpromoter RNA structures can provide a new level of
regulation to ensure the specific interaction between the
replicase and viral RNA.

RNA secondary structures can inhibit minus-strand

To demonstrate that an initiation sequence is insufficient to
direct RNA synthesis in infected cells, we mutated the
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clamped adenine in BMV RNA3 to a guanine and trans-
fected this RNA into barley protoplasts along with in vitro
transcribed wild-type RNA1 and RNA2. The initiation site
is unaffected in this mutant RNA3. Consistent with previ-
ous results that targeted portions of the BMV tRNA-like
sequence, this mutation reduced minus-strand RNA accu-
mulation to 13% of comparably transfected wild-type BMV
RNA (Rao and Hall 1993; Fig. 1B). A change of the clamped
adenine to a uridylate reduced RNA synthesis to 10% of
wild type (data not shown). These results demonstrate that
the BMV initiation sequence is insufficient to direct RNA
synthesis in vivo.

To examine the effects of nonpromoter RNA structure on
RNA synthesis by the BMV replicase in vitro, we designed
a 15-nt RNA (R15) that is predicted by the mfold computer
program to form, at most, a 2 base-pair (bp) stem (AG:
—0.2 kcal/mole) (Jaeger et al. 1989). R15 is derived from the
3’-terminus of BMV RNA3 and includes the CCA sequence

at its 3’ terminus (Fig. 1C). R15 directs the synthesis of a
14-nt RNA, suggesting that the penultimate cytidylate is
required for initiation (Fig. 1C,D, lane 2). Adding SLC to
the 5 end of R15 in an RNA named C-R15 resulted in
113% of the RNA synthesized by R15 (Fig. 1D, lane 3) while
adding a SLC with a mutated CAM (mC-R15) decreased
synthesis to background level (Fig. 1D, lane 4). Factors
regulating initiation from R15 thus mimics results from
protoplasts transfected with BMV RNA3 with a mutated
CAM (Fig. 1B) and in vitro characterization of SLC (Kim et
al. 2000). Hence, R15 can be used for further analysis of the
effects of nonpromoter RNA structure.

Three derivatives of R15 that differ in their predicted
RNA secondary structures were made to test the effects of
RNA structure on initiation (Fig. 2A). The last five nucleo-
tides of all three RNAs are identical to those in R15. How-
ever, R15ml differed from R15 by having nucleotide
changes that are predicted by mfold to prevent the forma-
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FIGURE 2. Effects of R15 and its derivatives on RNA synthesis. (A) Sequence and predicted structures of R15 and its derivatives. Bent arrows
denote the initiation cytidylates. Names and AG are shown below the sequences. (B) Effects of the structures on RNA synthesis by BMV replicase
at 25°C. Qualitative results for all reactions are run in duplicate. “¢” denotes a reaction performed in the absence of exogenously provided RNA.
Quantifications of at least three independent reactions for each RNA are shown below the autoradiogram. All quantifications were normalized for
the number of radiolabled cytidylates incorporated relative to the control and are from two independent assays. The size of the replicase products,
in nucleotides, is shown to the left of the autoradiogram. Asterisks are used to aid the identification of the faint bands from R15m1 and R15m2.
(C) Quantified results of RNA synthesis assay performed at 25, 32, and 37°C. (D) RNAs visualized after electrophoresis of 40 pmole of RNAs in
a7 M urea PAGE (upper image) and 120 pmole of RNA in a nondenaturing PAGE (lower image). In our hands, RNAs in nondenaturing gels tend
to appear as fuzzier bands, likely due to the RNAs retaining a greater degree of conformational flexibility in the absence of urea. (E) RNA
thermodenaturation analysis. A first derivative of the absorbance at 260 nm is plotted as a function of temperature. The T,, of R15 and R15m1
are estimated to be 18°C, while the T,,s of R15 m2 and R15m3, are 52 and 56°C, respectively.
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tion of the 2-bp stem (Fig. 2A). R15m2 and R15m3 should
form structures that possess, respectively, a 4- and 5-bp
stems (Fig. 2A). The predicted AGs for RI5m2 and R15m3
were —3.4 and —4.8 kcal/mole, respectively. At 25°C, R15
and R15m1 produced comparable amounts of RNA prod-
ucts while R15m2 and R15m3 resulted in synthesis at 4% of
R15 (Fig. 2B). These results demonstrate that structures
within R15 can decrease its ability to direct RNA synthesis.

If structured RNA represses RNA synthesis, higher tem-
perature should decrease the stability of the structures in
R15m2 and R15m3 and result in increased RNA synthesis.
RNA synthesis reactions were performed with R15 and its
derivatives at 32 and 37°C, instead of the usual 25°C (Fig.
2C). At 32°C, RNA synthesis from R15m2 and R15m3 in-
creased to 14 and 9%, relative to that from R15. At 37°C,
synthesis from R15m2 and R15m3 increased further to 18
and 19% of the output of R15. The proportional increase of
the RNA synthesis with temperature of R15 m2 and R15m3
is consistent with our hypothesis that a structured nonpro-
moter RNA can decrease RNA synthesis from an otherwise
functional initiation site.
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We examined the structures, or lack thereof, of R15 and
its derivatives by analyzing their mobility in nondenaturing
gels and their thermal denaturation profiles. In nondena-
turing gels, only one predominant band was observed for all
four RNAs, indicating that any structure that forms will be
predominantly due to intramolecular interactions (Fig. 2D).
Furthermore, the 15-nt R15 and R15ml migrated more
slowly than the 19-nt R15m2 and 21-nt R15m3, indicating
that R15 and R15m1 exist in less compact conformations
than do R15m2 and R15m3 (Fig. 2D). The thermal dena-
turation profiles showed that R15 and R15m1 have broad
transitions that lack a distinct melting temperature (T,,; Fig.
2E). In contrast, R15m2 and R15m3 have T,,;s of 52 and
56°C, confirming that they possess some stable structures.
The results indicate that even minimally stable RNA sec-
ondary structure can decrease promoter-independent RNA
synthesis by the BMV replicase.

To confirm that stable RNA structure is inhibitory
to initiation, we attached a GNRA tetraloop and stem to the
5" end of R15 and named the resultant RNA GNRARI5
(Fig. 3A). The tetraloop sequence used is GCAA, which
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FIGURE 3. Effects of GNRARI15 and AAAARI5 and its derivatives on RNA synthesis. (A) Sequences and predicted structures of GNRARI15,
AAAARI1S5, and its derivatives. The names and predicted AG values for each RNA are shown below the sequences. The arrows show the initiation
cytidylates. (B) RNA synthesis directed by GNRAR15, AAAARI15, and its derivatives. The size of the replicase products, in nucleotides, is shown
to the left of the autoradiogram. Asterisks denote the expected positions of the 28-, 28-, 24-, 22-, and 20-nt products from GNRAR15, AAAARI15,
AAAAR15m1, AAAAR1I5m2, and AAAAR15m3, respectively. The percentages of synthesis are normalized to number of radiolabeled cytidylates
incorporated relative to the control; they are from two replicates. (C) Results from thermodenaturation analysis. A first derivative of the
absorbance at 260 nm is plotted as a function of temperature. The T,, of GNRARI5 is 78°C, AAAARI5 is 57°C, AAAAR1I5m1 is 50°C,
AAAAR15m?2 is 40°C, and AAAA15m3 is 16°C. (D) RNAs visualized after electrophoresis of 40 pmole of RNA in a 7 M urea PAGE (upper image)

and 120 pmole of RNA in a nondenaturing PAGE (lower image).
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is commonly found in rRNAs (Haus and Pardi 1991).
GNRARIS5 is predicted by mfold to fold into the expected
tetraloop-stem while the R15 portion of the RNA is pre-
dicted to lack stable structure (AG for GNRAR15 is —14.3
kcal/mole). Consistent with the results with R15 and
its derivatives, GNRAR15 was a poor template for RNA
synthesis by the BMV replicase, producing only 2% of
the product that R15 did (Fig. 3B, lane 3). In an attempt
to resuscitate RNA synthesis, a number of changes to the
loop were made but were found to have no effect. Among
them is a loop sequence consisting of AAAA, resulting
in AAAARIS5 (Fig. 3A,B, lane 6). We reason that despite
having destabilized the interactions in a tetraloop, the
RNAs remain sufficiently stable to inhibit RNA synthesis.
Therefore, a series of truncations to the stem of AAAA-R15
were made to result in AAAAR15m1 (AG of —5.5 kcal/mole),
AAAAR1I5m2 (AG of —3.7 kcal/mole), and AAAAR15m3
(AG of —1.7 kcal/mole), which are predicted to fold
into RNAs with 4-, 3-, and 2-bp stems, respectively (Fig.
3A). The RNA synthesis assay at 25°C showed that
AAAARI15, AAAAR15m1, and AAAARI5m2 all produced
less than 5% of the synthesis of R15, while AAAAR15m3
had synthesis at 30% (Fig. 3B, lanes

Structured nonpromoter BMV RNA can inhibit
RNA synthesis

The RNAs tested thus far to inhibit RNA synthesis by the
BMV replicase are all nonviral sequences. We wanted to
determine whether nonpromoter BMV RNAs could also
inhibit RNA synthesis. SLB, consists of a 9-bp stem and a
1-nt loop from the 3’ terminal tRNA-like sequences of
BMV RNAs that are not directly required for minus-strand
RNA synthesis (Fig. 1A; Fechter et al. 2001). When SLB,
(with a 9-bp stem) was fused to the 5’ of R15, the resultant
RNA directed RNA synthesis at 10% of R15 (SLB,R15; AG
of —17.0 kcal/mole, Fig. 4B, lane 3). Derivatives of SLB,R15
with predicted stems of 3- (SLB,R15ml), or 2-bp
(SLB,R15m2) increased RNA synthesis to 21 and 25%, re-
spectively (Fig. 4B, lanes 4,5). Thermal denaturation experi-
ments showed that the T, s of SLB,R15, SLB,R15m1 and
SLB,R15m2 were 60, 35, and 20°C, respectively, consistent
with our observation that RNAs with less stable structures
are better templates for RNA synthesis (Fig. 4C).

We also tested the effects of SLD, another structure
within the BMV 3’ tRNA-like sequence (Fig. 1A; Fechter et
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tures are nearly abolished.
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FIGURE 4. Effects of SLB,R15 and its derivatives on RNA synthesis. (A) Sequences and struc-
tures of SLB,R15 and its derivatives. SLB,R23, has a 3’ 23-nt single-stranded region. (B) Results
of RNA synthesis using the RNAs shown in (A). Two independent reactions are shown for each
RNA tested and the quantified results shown are from these and other independently assayed
reactions. Asterisks are used to aid the identification of the faint bands from RNAs containing
stable nonpromoter structures. (C) A first derivative of the absorbance at 260 nm is plotted as a
function of temperature. T,, of SLB,R15 is 60°C, SLB,R15m1 is 35°C, and SLB,R15m2 is 20°C.
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al. 2001). SLD consists of a 4-bp stem with a 4-nt loop and
is not believed to play a role in directing RNA synthesis
(Chapman and Kao 1999). When fused to R15, the resulting
RNA named SLDRI15 directed 3% of the RNA product of
R15 (Fig. 4A; data not shown). Together with the results
with SLB,, these results demonstrate that structured non-
promoter RNAs from BMV can inhibit viral RNA synthesis.

Previous research showed that the length of the 3’ single-
stranded sequence affects RNA synthesis (Chapman and
Kao 1999; Ranjith-Kumar et al. 2003). A 5-nt single-
stranded sequence containing an initiation site is required
for the initiation of minus-strand RNA synthesis in vitro.
We tested whether a 23-nt sequence that was predicted by
mfold to lack stable structure could affect RNA synthesis
when fused to SLB, (SLB,R23; Fig. 4A). SLB,R23 produced
21% of the products that R15 did (Fig. 4B, lane 6), indi-
cating that a 23-nt sequence is unable to completely rescue
RNA synthesis. However, this represents a twofold higher
amount of product than that from SLB,R15, suggesting that
a longer single-stranded initiation site may lessen the re-
pressive effect of stable RNA structures. We attempted to
design single-stranded sequences longer than 23 nt, but
were unable to do so because all were predicted by mfold to
contain some secondary structures even at 20°C.

SLC can overcome the inhibitory effects of a stable
RNA structure

SLC was able to function at several positions relative to the
initiation site (Ranjith-Kumar et al. 2003). We wanted to
see whether the addition of SLC could rescue the inhibitory
effects of RNA structures. SLC was fused to the 5’ termini
of GNRARI5, SLB,R15, and SLDR15 to generate RNAs

C-GNRARIS5, C-SLB,R15, and C-SLDR15 (Fig. 5A). In ad-
dition, SLC, with the clamped adenine changed to a uracil,
was fused to the same RNAs to generate mC-GNRARIS5,
mC-SLB,R15, and mC-SLDR15. The addition of SLC in-
creased RNA synthesis by a minimum of ninefold relative to
the RNAs lacking SLC (Fig. 5B), a level of synthesis com-
parable to that from R15. The CAM is required for this
activity because changing it to a uridylate failed to increase
RNA synthesis (Fig. 5B).

Subgenomic RNA synthesis is also inhibited by an
RNA secondary structure

We wanted to determine whether RNA structure could af-
fect the initiation of the BMV subgenomic RNA. Unlike
minus-strand RNA synthesis, subgenomic RNA synthesis
initiates within an RNA sequence, thus permitting the ex-
amination of stable RNA structure either 3’ or 5" of the
initiation site. RNA —20/13 is a well-characterized 33-nt
RNA termed a “proscript” because it contains a 20-nt core
subgenomic promoter and a 13-nt template (Siegel et al.
1998; Fig. 6A). Within the promoter, nucleotides -17, -14,
-13, and -11 are critical for RNA synthesis because substi-
tutions at these positions decreased RNA synthesis to less
than 20% (Siegel et al. 1998). We added a GNRA stem-loop
along with an extra uridylate 3" of proscript —20/13 to gen-
erate RNA GNRAU-20/13. The uridylate is intended to
serve as a spacer to decrease the possibility of perturbing the
crucial nucleotides. Additional uridylates 3" of the subge-
nomic core promoter is known to not affect the initiation of
the 13-nt product (Adkins et al. 1997). In addition, the
GNRA stem-loop was added 5" of —20/13 in RNA -20/
13GNRA. Both RNAs directed product synthesis at 30% or
less of the amount produced by —20/13, indicating that the

GA AA
A UA
<A UA B
CG GC UA
U, G
ac UA CG Name % synthesis
GC C.GNRAR15 Gc cG Y
AU AU C-SLB,R15 CcG RI5 100
GU “ CG AU C-SLDR15 : -
GCAAUGUAGAGACCA, sy AU «  GNRARIS 241
U 3 +
5GC U AAAUGUAGAGACCA’ g CAAUGUAGAGACCI; C-GNRARI15 87+5
i 8 5GC 5'GC mC-GNRARI15 21
CG CG i ’ ‘
UAA, AU AU SLB,R1S 1023
oo OyA UAA UAA C-SLB,RIS 954
¢,C N ¢ :
mC-GNRAR15 ¢ e uA o OUA mC-SLB,R15 321
U %% mCSLBRIS ¢  mCSLDRIS o¢ SLDRI5 341
N, o Yo U A C-SLDRI5 1016
G
o 3 M o€ X , O‘;o mC-SLDR15 542
¢ 9 o 9

FIGURE 5. SLC can overcome the inhibitory effects of stable RNA. (A) Sequences and predicted structures of C-GNRAR15, C-SLB,R15, and
C-SLDRI5. Arrows show the mutation of the clamped adenine to a uracil. Bent arrows show the initiation sites. (B) RNA synthesis from the RNAs
of (A). All quantified results are from more than three independent assays and reflect normalization to the number of radiolabled cytidylates

incorporated relative to the R15.
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FIGURE 6. Subgenomic RNA synthesis. (A) Sequences and structures
of subgenomic RNAs. —20/13 is a 33-nt RNA containing a 20-nt core
subgenomic promoter and a 13-nt template. Arrows show the muta-
tions from the —13 C to an A, which should abolish RNA synthesis
(Siegel et al. 1998). The GNRA tetraloop is shown as stems attached to
the 3’ or 5" termini of the subgenomic proscript. An extra uridylate
(lower case “u”) is added at the 3’ terminus to provide a one-nucleo-
tide spacer from the core promoter to the tetraloop stem. The prefix
or suffix of GNRA indicates whether the tetraloop stem is placed at the
3" or 5" of the subgenomic proscript. Bent arrows show the initiation
sites for RNA synthesis. (B) Autoradiogram of the RNAs synthesized
by the BMV replicase from the templates shown in (A). Sizes of syn-
thesis products are shown beside the figures. Quantified results (below
the lanes) are normalized to number of radiolabled cytidylates incor-
porated relative to the control and are from three independent repli-
cates.

tetraloop inhibited subgenomic RNA synthesis (Fig. 6A,B).
We note that the effect of the tetraloop was more severe
when it was present 5’ of the initiation site (Fig. 6B, cf. lanes
4 and 6). For RNAs GNRAu-20/13 and —20/13GNRA,
changing the —13 C to an A further decreased synthesis to
2% (Fig. 6A,B), suggesting that the replicase recognition of
the BMV subgenomic core promoter was not altered in
these two constructs.

RNA synthesis by the CMV replicase and
flaviviral RdRps

To determine whether the inhibitory effect of the structured
nonpromoter RNAs is specific to the BMV replicase, we

tested for RNA synthesis from R15 and GNRARI15 with the
RdRps from hepatitis C virus (HCV) and bovine viral di-
arrhea virus (BVDV) that were expressed as recombinant
proteins in Escherichia coli (Ranjith-Kumar et al. 2002b),
and the CMV replicase (Fig. 7). The HCV and BVDV
RdRps preferred an initiation cytidylate either as the 3'-
terminal nucleotide or as the penultimate nucleotide, but
they do not have promoter-specificity in vitro (Kao et al.
1999, 2000). Although the HCV and BVDV RdRps pro-
duced different amounts of RNA relative to each other,
both synthesized comparable levels of RNA from R15 and
GNRARI15 (Fig. 7, left panel), demonstrating that these
RNAs are equally capable of directing RNA synthesis,
despite the BMV replicase being unable to efficiently use
GNRARIS5 as a template. However, like the BMV replicase,
the CMV replicase was able to direct a robust level of syn-
thesis from only R15, and not from GNRARI15 (Fig. 7, right
panel). Thus, structured nonpromoter RNA had similar ef-
fects on the two plant viral replicases, but not the HCV and
BVDV RdRps.

A structured, nonpromoter RNA does not produce
detectable prematurely terminated products

The inhibitory effects of structured nonpromoter RNAs
could be either due to: (1) lack of replicase binding; (2)
inability of the replicase to initiate RNA synthesis; or (3)
premature termination of RNA synthesis due to the BMV
replicase being unable to synthesize past the stable stem-

RdRp Replicase
BVDV HCV BMV CMV
. =T
- - -
NIV nt
P\ uulll L
g/ | -
| - '
88 -
-
e R

R15 GNRA R15 GNRA R15 GNRA R15 GNRA
R15 R15 R15 R15

FIGURE 7. RNA synthesis by the CMV replicase and two flaviviral
RdRps. The two template RNAs used are R15 and GNRARI15 (see Figs.
2A, 3A). (Left panel) RNA synthesis assay by BVDV and HCV RdRps.
Both RdRps have prominent nontemplated nucleotide addition activ-
ity that generates products that appear as a ladder of bands that differ
by one nucleotide (Ranjith-Kumar et al. 2001). (Right panel) Synthesis
from BMV and CMV replicases. Sizes of synthesis products are shown
beside the figures and asterisks are used to aid the identification of the
faint bands from GNRARIS5.
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loop. Should premature termination occur, we should be
able to detect products that are 4 nt or longer, due to the use
of CTP as the radiolabeled nucleotide in our reaction and
the sequence of GNRAR15 (Fig. 3A). We examined whether
prematurely terminated products were made in transcrip-
tion from GNRARI15. As a control for the sizes of RNAs
produced, we used a template with the T7 promoter and a
14-nt template that is identical to the sequence in R15. T7
RNA polymerase transcribed the 14-nt RNA, RNAs 15- and
16-nt long that contain one or two 3’ nontemplated nucleo-
tides, and an abundance of the 4- to 6-nt aborted products,
all normal activity of the T7 RNA polymerase (Fig. 8, lane
5; Milligan et al. 1987). With the BMV replicase R15 was
able to direct the synthesis of a 14-nt RNA that initiated
from the penultimate cytidylate, because a change of the
CCA initiation site to GGA abolished RNA synthesis (Fig. 8,
lanes 2,4). The BMV replicase did not produce detectable
amounts of product shorter than 14 nt from GNRARI15,
suggesting that the inhibitory effect of structured nonpro-
moter RNA did not result in a prematurely terminated
product; the effects of the RNA structure must therefore be
exerted at or before the initiation of RNA synthesis.

R15init”
5 GCAAUGUAGAGAGGAY

Lane: 1

FIGURE 8. GNRARI15 does not cause premature termination of RNA
synthesis by the BMV replicase. Products for RNA synthesis were
separated on a 25% polyacrylamide—7 M urea gel. The templates for
the reaction are shown above the autoradiogram. Sequences for R15
and GNRARI15 were presented in Figures 2A and 3A. The sequence of
the initiation-incompetent RNA, R15init-, is shown above the auto-
radiogram. “M” denotes products made by the T7 RNA polymerase
from a DNA template that should generate identical products to the
ones made by the BMV replicase from R15. The sizes of the products
from the T7 RNA polymerase are indicated to the right of the auto-
radiogram. The sizes of the products that could be made by the BMV
replicase are indicated to the left of the autoradiogram. The asterisk
identifies the faint bands produced by the BMV replicase using
GNRARIS5 as a template.
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FIGURE 9. Structured RNAs do not interact efficiently with BMV
replicase. (A) Quantitative result from competition assays in which the
amount of products made from 25 nM of a reference template are
plotted against the concentration of the competitor RNAs: SLGNRA,
GNRARI15, and R15init-. (B) A summary of the results from several
competition assays. Shown are the concentrations (ICs, values) of
competitor RNAs needed to reduce RNA synthesis from the reference
template to 50%. ICs,s of R15init- and SLGNRA were from three
independent assays, with the values for one standard deviation shown
after the mean. Other values were the average from two independent
assays that yielded consistent results.

Structured RNAs do not interact efficiently with the
BMV replicase

To determine whether the structured nonpromoter RNAs
can interact with the BMV replicase, we used a template
competition assay. The assay compares the relative ability of
different RNAs to prevent RNA synthesis by the BMV rep-
licase from a functional reference template (Siegel et al.
1998). The reference RNA template, —1/13, can direct syn-
thesis of a 13-nt RNA product that is easily distinguishable
from any possible other products from the competitor
RNAs (Tayon et al. 2001). The amount of product gener-
ated from —1/13 was quantified in the presence of increas-
ing amounts of competitor RNA, and IC,, values were de-
termined as the concentration of competitor that can re-
duce synthesis from —1/13 by 50%.

R15 had an ICy, value of 0.1 pM, a value similar to our
previous IC;, measurement of another single-stranded
RNA (0.2 pM; Siegel et al. 1999; Fig. 9). In addition, we
designed the two competitor RNAs, SLGNRA, consisting of
the 6-bp stem and the 4-nt GCAA loop (see Fig. 4A) and
R15 init- (Fig. 8). Both RNAs cannot direct RNA synthesis,
and, therefore, will not compete for NTPs with —1/13, the
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functional template. Based on previous observations, the
ability to direct RNA synthesis is not a prerequisite for
binding to the replicase (Chapman and Kao 1999; Chen et
al. 2000). Indeed, R15init- remains an efficient competitor
with an ICy, value of 0.1 uM while SLGNRA had an IC;, of
4.1 pM, a 40-fold increase compared to R15 and R15init-
(Fig. 9A,B; data not shown).

Additional RNAs that are poor templates for RNA syn-
thesis by the BMV replicase were also tested in the template
competition assay. GNRAR15, AAAAR15, and SLB,R15
(Fig. 3A, 4A) had IC.ys of 6, 6, and 3 uM, respectively. We
note that in another assay, SLC, the promoter element for
minus-strand RNA synthesis had an IC;, of 0.025 uM
(Chapman and Kao 1999) and the subgenomic promoter
had an ICs, 0f 0.13 uM (Siegel et al. 1998). Altogether, these
results show that relatively unstructured RNAs and pro-
moter elements can interact with the BMV replicase ap-
proximately 30- to 60-fold better than structured nonpro-
moter RNAs.

DISCUSSION

As in transcription from DNA templates, viral RNA-depen-
dent RNA synthesis requires the specific recognition of both
the template to be replicated and the nucleotide that directs
the initiation of RNA synthesis (Kao 2002). Specific struc-
tures/sequences that bind the BMV replicase have been
characterized to act as positive regulators specifying the
templates to be replicated by the viral replication proteins
(Kao 2002). In this work, we document a negative regulator
of RNA synthesis.

We found that an RNA containing an initiation sequence
can direct promoter-independent RNA synthesis unless a
portion of the RNA forms a stable structure such as stem-
loops. Destabilizing the RNA structure will allow initiation
of RNA synthesis. The presence of structured nonpromoter
RNAs in cis of the initiation site decreased RNA synthesis by
the BMV replicase. We have determined that SLGNRA can-
not inhibit RNA synthesis from SLC+8 in trans, consistent
with SLGNRA being unable to bind well to the BMV rep-
licase (data not shown). Furthermore, adding lengths rang-
ing from 3- to 23-nt of single-stranded sequence from the
structured nonpromoter RNA did not overcome the inhi-
bition (Figs. 2A,B, 4A,B), suggesting that the inhibitory ef-
fect can be exerted at different distances relative to the
initiation site. However, the level of inhibition did depend
on the structure of the nonpromoter RNA elements (e.g.,
Fig. 2B) and, to an extent, on the length of the single-
stranded sequence (Fig. 4B). Because RNAs tend to exist in
a highly structured state, cellular RNAs should be repressed
for replicase-mediated RNA synthesis unless specific pro-
moter elements can overcome the inhibitory effect. This
mechanism could allow the BMV replicase to selectively
replicate BMV RNAs and not the vast majority of cellular
RNAs.

Are the effects of structured nonpromoter RNAs likely to
be used by other viral replicases? The effects of the GNRA
stem-loop on BMV subgenomic RNA synthesis indicate
that the inhibitory effects of structured nonpromoter RNA
are not restricted to minus-strand RNA synthesis. Similarly,
we demonstrate that the replicase of CMV is also affected by
nonpromoter structured RNAs. RNA synthesis by the TCV
replicase also appears to be affected when stem-loops with
10-bp stems were fused in cis to a 28-nt functional initiation
element from a TCV satellite RNA. Furthermore, increased
synthesis was observed when the stem was only 3-bp long
(Nagy et al. 1999). These results suggest that a similar
mechanism is at work in TCV, although the structures and
syntheses by the TCV RNAs were not specifically studied for
this effect and their promoter elements increased RNA syn-
thesis more substantially than did the BMV SLC. Presently,
this regulation may either not apply to flaviviral RdRps or
require proteins in the replicase in addition to the RdRp
(Fig. 7).

How can the replicase distinguish a single-stranded RNA
from the same sequence attached to a structured sequence?
Because a structured portion prevents efficient recognition
of the RNA unless a promoter is also present in cis, we
speculate that the structured nonpromoter RNA affects the
scanning of the replicase along the RNA in a polarity-de-
pendent manner during genomic RNA synthesis. That is, to
recognize an initiation site, the replicase gains access to it by
scanning in from the 5’ end of the RNA. Nonpromoter
RNA structure would prevent the scanning of the replicase
while unstructured RNA would not. The promoter element
could overcome the impediment presented by stable RNA
structure, perhaps by providing a tethering point to which
the replicase remains attached or by permitting access to the
RNA by the replicase in a scanning-independent mecha-
nism. Although this model is highly speculative, it provides
testable hypotheses for further experimentation. Further-
more, there is precedent for scanning being a mechanism
for promoter recognition. The E. coli RNA polymerase has
been observed via atomic force microscopy and optical
traps, and it slides along nonspecific DNA until it encoun-
ters a promoter (Bustamante et al. 1999; Harada et al.
1999). Because viral RNA replication occurs in membrane-
associated complexes (den Boon et al. 2001; Lyle et al.
2002), it is perhaps more realistic to envision the RNAs
translocating along a relatively more stationary replicase
complex.

What is the role of a core promoter for minus-strand
BMV and CMV RNA synthesis? One common perception
of a viral RNA promoter is that it actively recruits the rep-
licase, and directs the initiation of RNA synthesis. We ob-
served that the presence of a promoter element does not
appear to significantly increase the amount of RNA synthe-
sized relative to an unstructured RNA containing an appro-
priate initiation sequence (113 versus 100%, Fig. 1C).
Therefore, it is equally feasible to consider the BMV core
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promoter element as a factor to overcome the repressive
effect of nonspecific secondary structure rather than to in-
crease RNA initiation. Although this difference is partially
one of semantics, the distinction can have important
mechanistic implications. We note that SLC should be con-
sidered a core promoter directing basal levels of RNA syn-
thesis and that additional promoter element(s) may regulate
the frequency of initiation.

In summary, transcription from DNA templates is often
subject to positive and negative regulation by factors such as
enhancers, repressors, and nucleosomes (Weintraub 1984;
Myers and Kornberg 2000; Strahl and Allis 2000). RNA-
dependent RNA synthesis appears to share many parallels
with DNA-dependent RNA synthesis (Adkins et al. 1998;
Lai 1998), including potential negative regulation by a fea-
ture common to RNAs, their complex structure.

MATERIALS AND METHODS
Preparation of transcripts

RNAs were produced by transcription using the T7 RNA poly-
merase as described in Milligan et al. (1987). Following transcrip-
tion, the RNAs were electrophoresed in a denaturing PAGE, and
the bands of correct molecular mass were excised with a razor. The
gel bands were then crushed to elute the RNA in a solution of 0.3
M ammonium acetate. Concentrations of RNA were determined
by spectrometry and staining with Toluidine blue following dena-
turing PAGE.

RNA synthesis assay

BMYV replicase was prepared from BMV-infected barley as previ-
ously described (Sun et al. 1996), and the CMV replicase was
prepared as described in Sivakumaran et al. (2000). Replicase ac-
tivity assays were carried out as described by Adkins et al. (1997).
Each assay consisted of a 40-pL reaction containing 20 mM so-
dium glutamate (pH 8.2), 4 mM MgCl,, 0.5% (vol/vol) Triton
X-100, 2 mM MnCl,, 200 pM ATP, 500 uM GTP, 200 pM UTP,
242 nM [a-*?P]CTP (400 Ci/mmole, 10 mCi/mL [Amersham]),
the desired amount of template and 8 uL of replicase preparation.
The BVDV and HCV RdRps were purified from recombinant E.
coli, and their use in RNA synthesis assays was as described by
Ranjith-Kumar et al. (2002a). Following incubation for 60 min at
25°C, the reaction products were extracted with phenol/chloro-
form (1:1, vol/vol) and precipitated with six volumes of ethanol,
10 pg of glycogen, and a 0.4-M final concentration of ammonium
acetate. Loading buffer (45% deionized formamide, 1.5% glycerol,
0.04% Bromophenol blue, and 0.04% xylene cyanol) was added to
the products, and the samples were denatured by heating to 90°C
for 3 to 5 min prior to electrophoresis on 20% acrylamide-7 M
urea gels (unless noted otherwise). All gels were exposed to film at
—80°C, and the amount of label incorporated into newly synthe-
sized RNAs was quantified with a Phosphorimager (Molecular
Dynamics).

Nondenaturing gel analysis

RNAs used for conformation analysis via nondenaturing gel elec-
trophoresis were first heated to 90°C for 2 min in buffer A (50 mM
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Tris-HCI [pH 7.4], 100 mM KCl, 0.1 mM EDTA) and placed on
ice for 10 min. The samples were then adjusted to contain 0.5X
TBE, 5% (v/v) glycerol, and bromophenol blue. Nondenaturing
gel electrophoresis was performed in 15% polyacrylamide gels
containing 0.5X TBE (Maniatis et al. 1982). After electrophoresis
for 20 min without sample, 120 pmole samples of RNA were
loaded. Electrophoresis was performed at a constant 200 volts until
bromophenol blue migrated to the proper position according to
the sizes of the samples. The gel was then stained with Toluidine
blue to visualize the RNAs.

RNA UV melting analysis

The protocol used was as described by Puglisi and Tinoco (1989)
using a Perkin-Elmer Lamdba 35 UV/VIS spectrometer with a
PTP6 Peltier Temperature Programmer. Each RNA was dissolved
in the same buffer (10 mM Tris, 25 mM NaCl, pH 7.0). Right
before the melting experiments, each RNA was heated to 85°C and
then cooled on ice to encourage proper RNA folding. The con-
centration of each sample was determined by calculations using
the Beer-Lambert Law with a calculated extinction coefficient for
each molecule. After adjusting the absorbance of the samples to
between 0.1 and 0.4 at room temperature, data were collected with
a rate of change in temperature of 0.5°C/min. Every experiment
was repeated at least twice. The raw data were analyzed and plotted
using a Kaleidagraph software package. The T,, for each molecule
was calculated using a derivative of the raw data.
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