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ABSTRACT

Small plus-stranded RNA viruses do not code for RNA helicases that would facilitate the proper folding of viral
RNAs during replication. Instead, these viruses might use RNA chaperones as shown here for the essential p33
replication protein of Tomato bushy stunt virus (TBSV). In vitro experiments demonstrate that the purified
recombinant p33 promotes strand separation of a DNA/RNA duplex. In addition, p33 renders dsRNA templates
sensitive to single-strand specific S1 nuclease, suggesting that p33 can destabilize highly structured RNAs. We
also demonstrate that the RNA chaperone activity of p33 facilitates self-cleavage by a ribozyme in vitro. In
addition, purified p33 facilitates in vitro RNA synthesis on double-stranded (ds)RNA templates up to 5-fold by
a viral RNA-dependent RNA polymerase. We propose that the RNA chaperone activity of p33 facilitates the
initiation of plus-strand synthesis as well as affects RNA recombination. Altogether, the TBSV RNA chaperone
might perform similar biological functions to the helicases of other RNA viruses with much larger coding
capacity.
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Introduction

RNA viruses utilize their genomes not only as templates to produce
more viral RNA progeny during replication, but for many other processes,
such as translation, regulation of replication, encapsidation and move-
ment from cell to cell. The folding of viral RNAs in biologically relevant
conformation is important because the RNA can be trapped in one of many
incorrect/nonfunctional structures (Russell, 2008). However, RNA-bind-
ing proteins, such as helicases, RNA chaperones and cofactors, which
facilitate conformational transitions of RNA, thus preventing the
deleterious effect of RNA misfolding, have been proposed to play auxiliary
roles in most steps during the viral infection process. Unlike larger RNA
viruses, small plus-strand (+)RNA viruses with genomes less than
6000 nt do not code for RNA helicases (Koonin and Dolja, 1993). This
prompted discussions if these small RNA viruses might not need helicases
with robust unwinding functions for their replication or, alternatively,
they might recruit RNA helicases(s) from the host. Another alternative
possibility is that these RNA viruses might code for RNA chaperones,
which are also capable of unwinding/destabilizing RNA structures
(Cristofari and Darlix, 2002; Zuniga et al., 2009). Accordingly, viral-
coded RNA chaperones have been shown to participate in the replication
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of picornaviruses, coronaviruses, flaviviruses and hepatitis delta virus
(DeStefano and Titilope, 2006; Huang and Wu, 1998; Ivanyi-Nagy et al.,
2008; Wang et al., 2003; Zuniga et al., 2010), or affect the packaging of
coronaviruses, hepatitis C virus, retroviruses and minus-stranded RNA
viruses (Cristofari et al., 2004; Cruceanu et al., 2006; Ivanyi-Nagy et al,,
2006; Levin et al., 2005; Mir and Panganiban, 2006a,b; Rein et al., 1998;
Zuniga et al,, 2007). Host-coded RNA chaperones have also been shown to
affect calicivirus and viroid RNA replication (Daros and Flores, 2002;
Karakasiliotis et al., 2006). The unique feature of RNA chaperones is that
they do not require rNTPs for destabilizing RNA structures, but instead,
they bind cooperatively to the RNA and leads to structural changes in the
RNA. Thus, RNA chaperones will profoundly affect the folding process,
interactions between RNAs and the accessibility of the RNA to other
proteins (Russell, 2008; Zuniga et al., 2009).

One group of small plus-stranded RNA viruses, which does not code for
RNA helicases, is tombusviruses. These viruses, including Tomato bushy
stunt virus (TBSV) and Cucumber necrosis virus (CNV), code for an essential
RNA-binding protein, termed p33, which is known to affect many steps
during the infection process. For example, an essential function of p33 is to
bind a C-C mismatch within an internal cis-acting stem-loop element that
leads to selective recruitment of the viral RNA into replication
(Monkewich et al,, 2005; Pogany et al.,, 2005). p33 is also involved in
the formation of spherule-like structures on the cytoplasmic interface of
peroxisomal membranes, which represent the site of viral RNA replication
(McCartney et al,, 2005; Navarro et al., 2006; Panavas et al., 2005). Its role
in viral pathogenesis has also been documented (Burgyan et al., 2000). In
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addition to the RNA-binding domain, p33 also contains two short p33:
p33/p92P interaction domains that are likely important for the assembly
of the viral replicase and for RNA-binding, too (Panaviene et al., 2003;
Pogany et al., 2005; Rajendran and Nagy, 2004). Phosphorylation close to
the RNA-binding domain is thought to regulate the function of p33 during
replication (Shapka et al., 2005; Stork et al., 2005). Overall, the essential
p33 seems to be the master regulator of the tombusvirus replication
process (Nagy, 2008; Nagy and Pogany, 2006, 2008).

Depending on the protein and RNA concentrations, mutations or the
composition of the buffer, the tombusvirus p33 auxiliary protein has
been shown to bind to the viral RNA either specifically or non-
specifically (Pogany etal., 2005; Rajendran and Nagy, 2003). The specific
interaction between p33 and the viral RNA is required for the
recruitment of the TBSV (+)RNA to the membrane-bound replicase
complex (Monkewich et al., 2005; Pogany et al., 2005). However, after
the selective (+)RNA recruitment, the function of p33 could be different
within the viral replicase complex, where p33 is present in high amount,
reaching ~10-20-fold excess over the p92P° (Rajendran and Nagy,
2006; Serva and Nagy, 2006). The high local concentration of p33 within
the replicase complex could facilitate non-specific binding of p33 to the
viral RNA in a cooperative manner (Rajendran and Nagy, 2003), possibly
allowing p33 to function as an RNA chaperone within the replicase
complex. Therefore, based on cooperative RNA-binding ability of p33,
we speculated that p33 might be able to perform many functions during
infection by acting as an RNA chaperone that modifies the structure of
the viral RNA to allow the participation of the viral RNA in different
ribonucleoprotein complexes. To test this hypothesis, we performed
biochemical experiments with purified recombinant p33 using in vitro
assays. The purified p33 was shown to efficiently unwind short ssSDNA/
sSRNA duplexes, render double-stranded (ds)RNA templates sensitive
to S1 nuclease, and stimulate self-cleavage by a ribozyme in vitro. We
have demonstrated that p33 can promote initiation of RNA synthesis by
up to 5-fold by a viral RNA-dependent RNA polymerase (RdRp) in vitro.
Based on these data, we propose a role for the RNA chaperone activity of
p33 during tombusvirus replication.

Results

In vitro strand separation activity of the recombinant p33 on
DNA oligo — RNA template duplex

To test the putative RNA chaperone activity of p33, we used a strand
separation assay with purified recombinant TBSV p33 and Turnip crinkle
virus (TCV) RdRp proteins in vitro (Fig. 1). A 21-nt ssDNA oligo was 5’ end
labeled and annealed with the unlabeled full-length DI-72(—)RNA,
followed by the addition of purified TBSV p33 (Fig. 1B). We have found
that 45-75% of ssDNA/ssRNA duplex was separated by p33 when present
at high concentration (Fig. 1C, lane 3 and 1D, lane 6) in the absence of ATP.
On the other hand, the N-terminally truncated TCV p88 RdRp, termed
p88C, lacking the p33 similarity domain (Fig. 1A) did not show unwinding
activity at a detectable level (Fig. 1C, lane 4), even at the highest
concentration (Figs. 1D-E). Since p88C is an RNA-binding protein and it
can efficiently use DI-72(—)RNA as a template (Cheng et al., 2005;
Rajendran and Nagy, 2003; Rajendran et al., 2002), the lack of unwinding
activity by p88C shows that RNA-binding to the template by an RNA-
binding protein alone is not sufficient for strand separation in this assay.
This is further supported by the lack of RNA chaperone activity by the N-
terminally truncated p33, termed p33C (supplementary Fig. S1A-C),
which has strong RNA-binding capacity (Pogany et al., 2005; Rajendran
and Nagy, 2003).

When compared with the TBSV p33 (Fig. 1D, lanes 5-6), the purified
p88 RdRp of the closely related TCV, which carries the p33 similarity
domain (Fig. 1A), showed weak unwinding activity in vitro (Fig. 1D,
lanes 2-3) at similar concentration in the absence of added ATP in vitro.
However, the strand separation activity of p33 was much weaker than
that of Ded1p DEAD-box RNA helicase, which was capable of complete

separation of the ssDNA/ssRNA duplex (Fig. 1E, lanes 10-11). As
expected, ATP stimulated the unwinding activity of Ded1p helicase
(Fig. 1E, lane 10 versus Fig. 1D, lane 10), while ATP had no major effect
on the strand separation activity of p33 (Fig. 1C, lane 3 and Fig. 1D, lanes
5-6 versus 1E, lanes 5-6) or p88 (1D, lanes 2-3 versus 1E, lanes 3-4).
These data support that p33, and, to a lesser extent, p88, have RNA
chaperone-like activities in vitro.

P33 replication protein renders a dsRNA template ribonuclease sensitive
in vitro

To test if p33 can open up dsRNA structures, thus rendering the dsRNA
sensitive to nucleases, we developed an S1 nuclease-based assay (Fig. 2A).
While dsDI-72 was completely resistant to S1 nuclease digestion under in
vitro conditions (Fig. 2B, lanes 1, 5, and 9), addition of purified
recombinant p33 made dsRNA S1 ribonuclease sensitive, leading to RNA
degradation up to 75% (Fig. 2B, lanes 4, 8, and 12). The same p33
preparation when applied in the absence of S1 did not lead to degradation
of dsRNA, excluding the possibility that the purified recombinant p33
preparation was contaminated by a bacterial ribonuclease (Fig. 2C). This
experiment also showed that p33 could not efficiently separate 621 bp
long fully base-paired RNA-RNA duplex in vitro (Fig. 2C), suggesting that
the RNA chaperone activity of p33 is not robust.

In addition, p33 lacking the 6 amino acid RPR RNA-binding domain
(construct p33-ARPR) (Rajendran and Nagy, 2003) did not render
dsDI-72 RNA S1 nuclease sensitive (Fig. 2D, lanes 2-4). These data are
consistent with the model that the RNA-binding ability of p33 is
critical to render the dsRNA template S1 nuclease sensitive.

P33 replication protein facilitates self-cleavage by a ribozyme in vitro

Since RNA chaperones bind to the RNA non-specifically and
cooperatively, like p33 when present in high concentration (Rajendran
and Nagy, 2003), they can facilitate RNA cleavage by ribozymes (Cristofari
and Darlix, 2002; Zuniga et al., 2007). This property of the RNA chaperones
are due to refolding of the ribozyme sequence trapped in non-active
conformations. To test the effect of p33 on ribozyme activity, we used the
self-cleaving ribozyme of satellite Tobacco ringspot virus (Buzayan et al.,
1986; Panavas and Nagy, 2003) in the presence of recombinant p33
(Fig. 3A). We have found that the purified p33 stimulated the ribozyme
activity by ~4-fold, reducing the amount of uncleaved RNA and increasing
the amount of self-cleaved RNAs (Fig. 3B, lane 3 versus lane 1). This
finding supports the model that p33 could be involved in RNA-folding in a
sequence non-specific manner.

Inhibition of the RARp-driven RNA synthesis by ssSDNA complementary to
the promoter in the template RNA is neutralized by p33

Since the RNA chaperone activity of p33 replication protein is likely
important within the viral replicase complex where the local p33
concentration is high, we wanted to test if p33 could change the activity
of a viral RARp on various RNA templates. We have chosen a heterologous
RdRp derived from the closely related TCV for these studies since the TBSV
or other tombusvirus p92”°' RdRp is not active in vitro (Fig. 1). Since the
full-length p88 RdRp protein of TCV functions as a weak RNA chaperone
by itself (Fig. 1), we used the N-terminally-truncated p88C, which lacks
RNA chaperone activity in vitro (Fig. 1), yet it is a highly active RdRp on
ssRNA templates in vitro (Panavas et al., 2006; Rajendran et al., 2002).
Altogether, a major advantage of using this heterologous system is that the
tombusvirus p33 does not interact directly with TCV p88C (Rajendran and
Nagy, 2004), thus making it unlikely that any stimulatory effect of p33 on
Pp88C RdRp activity would be due to direct enhancement of RdRp activity
via protein-protein interaction (i.e., due to p33 acting like a transcription
factor). Rather, the most probable way for p33 to affect the RdRp activity of
p88C s to alter the structure of the RNA template via the RNA chaperone
activity of p33.
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Fig. 1. Unwinding of the ssDNA/ssRNA duplex by p33 in an in vitro strand separation assay. (A) Schematic representation of the known domains in the tombusvirus replication
proteins p33 and p92P°.. Note that the N-terminal segment in p92P°' contains the same sequence as in p33 due to the overlapping expression strategy of TBSV genome, while the C-
terminal region of p92P° carries the RARp domain. TMD, trans-membrane domains; P, phosphorylation sites; RPR, arginine-proline-rich RNA-binding domain; S1 and S2 are
subdomains of the p33:p33/p92 interaction domain. The closely related TCV p88 is similar to p92P°' and carries the p33 similarity domain as well as the RARp domain. P88C is an N-
terminally truncated p88 derivative, which has strong RdRp activity in vitro. (B) Scheme of the strand separation assay showing the hybridized ssDNA/ssRNA duplex. The 5’ end
labeled, 21 base ssDNA oligo was annealed to the unlabeled DI-72(—)RNA prior to the addition of purified recombinant p33. (C) In vitro strand separation assay with p33 using an
ssDNA oligo/ssRNA template duplex. Lane 1: 5’ end labeled-ssDNA oligo; Lanes 2 and 8: annealed ssDNA/ssRNA, no p33; Lane 3: annealed ssDNA/ssRNA template plus 4 pmol
purified recombinant TBSV MBP-p33; Lane 4: annealed ssDNA/ssRNA plus 4 pmol purified recombinant TCV MBP-p88C; Lanes 5-7: annealed ssDNA/ssRNA plus 0.4, 1 and 4 pmol
purified recombinant MBP-Ded1p, respectively. The assay was performed in the absence of ATP. The 32P-labeled free ssDNA and ssDNA/ssRNA duplex were separated on non-
denaturing 5% acrylamide gels. Quantification of the ssDNA/ssRNA duplex was done with ImageQuant. Bottom image shows an SDS-PAGE analysis of purified recombinant proteins
used in these assays. Each experiment was repeated at least three times. (D) In vitro strand separation assay with recombinant proteins using an ssDNA oligo/ssRNA template duplex
in the absence of ATP. Lane 1: 5’ end labeled-ssDNA oligo; Lanes 2-3: annealed ssDNA/ssRNA, plus 1 and 4 pmol of p88; Lanes 4-6: annealed ssDNA/ssRNA template plus 0.4, 1 and
4 pmol purified recombinant TBSV MBP-p33; Lanes 7-8: annealed ssDNA/ssRNA plus 1 and 4 pmol purified recombinant TCV MBP-p88C; Lanes 9-11: annealed ssDNA/ssRNA plus
0.4, 1 and 4 pmol purified recombinant MBP-Ded1p, respectively; Lane 12: annealed ssDNA/ssRNA, no p33. The percentage of unwound ssDNA/ssRNA duplex is shown. The lower
image shows a shorter exposure for the ssDNA/ssRNA duplex. (E) In vitro strand separation assay with recombinant proteins using an ssDNA oligo/ssRNA template duplex in the

presence of ATP. Lane 1: 5’ end labeled-ssDNA oligo; Lane 2: annealed ssDNA/ssRNA, no p33; Lanes 3-4: annealed ssDNA/ssRNA, plus 1 and 4 pmol of p88; Lanes 5-6: annealed

ssDNA/ssRNA template plus 1 and 4 pmol purified recombinant TBSV MBP-p33; Lane 7: annealed ssDNA/ssRNA, no p33; Lanes 8-9: annealed ssDNA/ssRNA plus 1 and 4 pmol

purified recombinant TCV MBP-p88C; lanes 10-11: annealed ssDNA/ssRNA plus 1 and 4 pmol purified recombinant MBP-Ded1p, respectively; Lane 12: annealed ssDNA/ssRNA, no
p33. The percentage of unwound ssDNA/ssRNA duplex is shown. See additional details in panel C.

Accordingly, we set up an in vitro assay based on the p88C RdRp
protein and a partial sSRNA/ssDNA duplex (Fig. 4A), to test for the RNA
chaperone activity of p33 replication protein. Since previous studies have
established that the accessibility of the terminal promoters by the

tombusviral or TCV RdRps is a critical factor during initiation, we used a
short ssDNA complementary to the very 3’ end of DI-72(—) to form partial
DNA/RNA duplex within the complementary sequences. We have found
that the ssDNA inhibited RNA synthesis by ~80% in the RdRp assay (Fig. 4B,
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RNA chaperone activity of p33. (A) Schematic presentation of the dsDI-72 RNA
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binding sequence. See further details in panel B.

lanes 2, 6 versus lanes 1, 5). This observation suggests that the initiation
site was much less accessible to the p88C RdRp in the presence of ssSDNA
than on the free sSRNA template.

Importantly, we have found that the addition of recombinant p33
enhanced the RdRp activity of p88C by ~3-fold on the partial ssSRNA/
ssDNA duplex (Fig. 4B, lane 4 and 8). This finding supports the idea that
p33 facilitates the accessibility of the cPR promoter in DI-72(—) template
by destabilizing the ssRNA/ssDNA duplex (Fig. 4A) as also shown in the
strand separation assay (Fig. 1).

P33 facilitates initiation of RNA synthesis on dsRNA template by p88C
RdRp

To further test the RNA chaperone activity of p33, we used
additional dsRNA templates in the p88C RdRp assay. Previous studies
have established that p88C was inefficient in initiation of RNA
synthesis on TBSV dsRNA templates when compared to the ss(—)
RNA template (Panavas et al., 2006). Inefficient initiation on dsRNA
templates was likely due to poor accessibility of the promoter to the
p88C RdRp in the dsRNA when compared to ssSRNA. However, once
initiation takes place, the RdRp can unwind the dsRNA structure
during strand elongation (Panavas et al., 2006).
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Fig. 3. Recombinant p33 promotes the self-cleavage activity of the satellite Tobacco
ringspot virus ribozyme in vitro. (A) Schematic presentation of the RNA template
carrying the ribozyme sequence before and after the self-cleavage. The satellite (—)
ribozyme of TRSV (Buzayan et al., 1986; Fedor, 2000) forms an autocatalytic hairpin
structure, which self-cleaves at the 3’ end TBSV RIV(+)RNA, releasing two RNA
products as shown. (B) Representative denaturing gel of 3?P-labeled RNA cleavage
products, which are derived from the template RNA synthesized by in vitro
transcription with T7 RNA polymerase in the presence of 0, 1 and 2 pg of purified
recombinant p33 are shown. Each experiment was repeated at least three times.

Using gel-isolated dsDI-72 RNA template in p88C RdRp assay, we
found that addition of increasing amounts of recombinant p33 enhanced
p88C activity by more than two-fold (Figs. 5A and B, lanes 1-10). This
enhancement is not due to stabilization of p88C by p33 because the
activity of p88C on template dsDI-72(5’A69) with an unbase-paired
ssRNA tail including the cPR promoter was decreased by the addition of
p33 (Fig. 5B, lanes 11-20). Moreover, deletion of the RNA-binding domain
(construct p33-ARPR) of p33 eliminated the stimulatory effect of p33 on
p88C with dsDI-72 template (Fig. 5C), suggesting that the ability of p33 to
bind to the RNA is important for stimulation of the RdRp activity on dsSRNA
template.
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Fig. 4. Recombinant p33 promotes plus-strand initiation on (—)RNA templates by the
RdRp. (A) Schematic presentation of the ssDNA oligo/ssRNA template duplex used to
program the TCV p88C RdRp preparation in vitro. The cPR promoter sequence used for
plus-strand initiation by the TCV RdRp is shown with an empty arrowhead. (B)
Representative denaturing gel of 32P-labeled RNA product synthesized by TCV p88C
RdRp in vitro in the presence of 0, 1 and 2 pg of purified recombinant p33 is shown. The
level of RNA synthesis was compared to that of the RdRp activity obtained in the
absence of ssDNA and p33 (100%). The samples were treated with S1 nuclease to
exclude terminal transferase-based labeling of DI-72(—)RNA, which might be present
in the affinity-purified TCV p88C or p33 preparations. Each experiment was repeated
three times.
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To further test the possible RNA chaperone activity of p33, we used (Panavas et al., 2006). Interestingly, addition of recombinant p33 to

template dsDI72(5'm3-8) (Fig. 5D), which has a “bubble structure” the assay led to ~5-fold increase in template activity of p88C (Fig. 5E,
that enhances the availability of cPR sequence by p88C RdRp by 25% lanes 3-4 and 7-8). Similarly, dsDI-72(5’A11) (Fig. 5D), which forms
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and 4 pg of purified recombinant p33 are shown. The dsRNA templates were gel-isolated after annealing of plus- and minus-stranded RNAs (in 1:1 ratio), and they were used in equal
amounts (0.5 pg per sample). The level of RNA synthesis was compared to that of the RdRp activity obtained in the absence of p33 (100%). The samples were treated with S1 nuclease
to exclude terminal transferase-based labeling of dsDI-72, which might be present in the affinity-purified TCV p88C or CNV p33 preparations. Each experiment was repeated three
times. “ti” represents terminally initiated template-sized RNA product. (C) Representative denaturing gels of radiolabeled RNA products synthesized by in vitro transcription with
TCV p88C RdRps in the presence of 0, 1 and 2 pg of a p33 mutant are shown. The p33 mutant lacked the RPR sequence involved in RNA-binding. See Fig. 5B for further details. Each
experiment was repeated at least three times. (D) Schematic presentation of the two RNA templates used to program the TCV p88C RdRp preparation in vitro. See Fig. 5A for further
details. (E) Representative denaturing gels of radiolabeled RNA products synthesized by in vitro transcription with p88C RdRp in the presence of 0, 0.5, 1 and 2 pg of purified
recombinant p33 are shown. The samples were treated with S1 nuclease. See Fig. 5B for further details.
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a short inhibitory hairpin within the cPR sequence, was used ~2.5-fold
more efficiently by p88C RdRp after addition of the recombinant p33
to the assay (Fig. 5E, lanes 9-16). The easiest interpretation of these
data is that p33, due to its RNA chaperone activity, facilitates the
initiation step for p88C RdRp by opening up the stable secondary
structure within the cPR sequence in the dsRNA template, which is
then used more efficiently by p88C that lacks RNA chaperone activity.

P33 promotes initiation on ( +)RNA template by the p88C RdRp

The (+)RNA template in tombusviruses contains a silencer element
that inhibits initiation of (—)RNA synthesis due to base-pairing
between an internal loop sequence of a distant hairpin and the 5 nt
3’ terminal sequence, which makes the initiation site poorly accessible
for the viral RdRp (Fig. 6A) (Pogany et al., 2003). To test if the
chaperone activity of p33 could promote initiation on the (4 )RNA
template, we used DI-72(+) in our standard p88C RdRp assay in the
presence of various amounts of recombinant p33. The RdRp assay
revealed that p33 enhanced initiation on the (+)RNA template by ~2-
fold (Fig. 6B), suggesting that p33 can facilitate opening up the base-
pairs formed between the silencer and promoter, thus likely facilitating
the loading of the viral RdRp on the (4 )RNA template. However, the
RNA chaperone activity of p33 is rather inefficient on the DI-72(+)
RNA, thus it is possible that host factors, such as elongation factor 1A,
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Fig. 6. Recombinant p33 promotes minus-strand initiation on (4 )RNA templates by the
RdRp. (A) Schematic presentation of the 3’ terminus of the (+)DI-72 RNA template
used to program p88C RdRp in vitro. The base-pairing interaction between the
replication silencer (RSE) and the minus-strand initiation promoter (gPR) is indicated
with a double-headed arrow. The site of initiation of complementary RNA synthesis is
marked below the sequence. (B) Representative denaturing gels of radiolabeled RNA
products synthesized by p88C RdRp in the presence of 0, 0.5, 1, 2 and 4 pg of purified
p33 are shown. The samples were treated with S1 nuclease. Each experiment was
repeated at least three times.

which is recruited for tombusvirus replication, might also be involved
in minus-strand initiation (Li et al., 2009).

Discussion

A large group of small RNA viruses codes for auxiliary replication
proteins that lack helicase/ATPase motifs. Among these is the essential
p33 replication protein of tombusviruses, which has essential functions in
RNA replication (Nagy and Pogany, 2006; White and Nagy, 2004). The
ability of p33 to bind to the viral RNA is critical during tombusvirus
replication and it also affects viral RNA recombination (Jaag et al., 2007;
Panaviene et al., 2003; Panaviene and Nagy, 2003). Interestingly, p33 can
bind to the viral RNA in two different fashions. The first type of RNA-
binding by p33 is specific to a region in the plus-stranded TBSV RNA
termed RII(+)-SL with a signature C-C mismatch (also termed p33
recognition element) (Monkewich et al., 2005; Pogany et al,, 2005). This
specific p33-RNA interaction requires small amount of p33, likely in the
form of p33 dimer (Pogany et al., 2005). The above specific p33-TBSV (+)
RNA interaction is critical for the selective recognition of the TBSV RNA
and TBSV replication both in vivo (Monkewich et al.,, 2005; Pogany et al.,
2005) and in vitro in a cell-free extract prepared from yeast (Pogany and
Nagy, 2008; Pogany et al., 2008). The second type of RNA-binding is non-
specific binding of p33 to ssRNA and ssDNA, and to a lesser extent to
dsRNA (Rajendran and Nagy, 2003). This non-specific nucleic acid binding
by p33 requires high concentration of p33 and occurs in a cooperative
manner (Rajendran and Nagy, 2003). We envision that the non-specific
RNA-binding activity of p33 is important within the assembled,
membrane-bound tombusvirus replicase complex, which contains large
amount of p33 and only the selectively recruited TBSV (4 )RNA in addition
to p92°°' and host factors (Nagy, 2008; Nagy and Pogany, 2010; Serva and
Nagy, 2006). Within this context, the RNA chaperone activity of p33 could
be important for tombusvirus replication (see below).

Based on in vitro approaches using purified recombinant p33, we
have shown that p33 could function as an RNA chaperone. The
supporting evidence for p33 RNA chaperone function includes: (i) a
strand separation activity of p33 on a ssDNA/ssRNA duplex; (ii) p33
stimulated self-cleavage by a ribozyme in vitro by 4-fold, supporting
the RNA-folding ability of p33; and (iii) increasing the sensitivity of
dsRNA templates to the ssRNA-specific S1 nuclease, suggesting that
p33 binding to the dsRNA leads to unwinding/opening up the dsRNA
structure, and rendering dsRNA S1 nuclease sensitive. Further
evidence for the RNA chaperone activity of the purified p33 is the
requirement for the RNA-binding regions in p33 for RNA chaperone
activity (Fig. 5C), suggesting that p33 must interact with the RNA
template in order to function as a chaperone.

In addition to the above assays, the RNA chaperone activity of p33 is
also likely responsible for stimulation of initiation of RNA synthesis by
the heterologous TCV p88C RdRp (which, by itself, does not show RNA
chaperone activity, Figs. 1C and D) on dsRNA templates or ssDNA/ssRNA
duplex; as well as for enhancing the level of minus-strand RNA synthesis
from the minus-strand initiation promoter (gPR), which is likely due to
opening up the silencer-promoter interaction. The use of the heterol-
ogous p88C RdRp with the TBSV p33 [these proteins do not interact in
vitro (Rajendran and Nagy, 2004)] in the above assays makes it unlikely
that the stimulatory effect of p33 on TCV p88C RdRp activity using
dsRNA templates is due to activation/stimulation of p88C RdRp via
protein-protein interaction. Rather, the stimulatory effect of p33 is
likely through RNA chaperoning activity that alters the RNA structures
and leads to more accessible promoters for p88C-driven RNA synthesis.

Many known RNA chaperones have long intrinsically disordered
(unstructured) regions, which undergo disorder-to-order transitions
upon binding to RNA (Ivanyi-Nagy et al., 2005, 2008; Zuniga et al.,
2009). This leads to unwinding (unfolding) of the bound segment of the
RNA, which then can refold to a new conformation (Tompa and
Csermely, 2004). To predict if p33 replication protein contains naturally
disordered regions, we used PONDR VL-XT (Bracken et al., 2004;
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Romero et al., 1997, 2004). As shown in Fig. 7, the p33 replication
proteins of five tombusviruses were predicted to contain a long and a
shorter naturally disordered regions. These disordered regions contain
two separate RNA-binding sequences (supplementary Fig. S1) (Pana-
viene et al., 2003; Rajendran and Nagy, 2003). Altogether, the presence
of conserved naturally disordered regions in the p33 replication proteins
further support the model that p33 functions as an RNA chaperone.

A. TBSV p33

\
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Based on previous results that p33 can bind to the viral RNA in a
cooperative fashion and it can also bind to dsRNA, albeit less efficiently
then to ssRNA (Rajendran and Nagy, 2003), we suggest that partial
coating of the RNA by p33 might help unwinding secondary structures
or dsRNA forms. Since p33 could not separate the dsRNA strands in the
621 bp long dsDI-72 RNA (not shown), we propose that p33 has a weak
RNA chaperone activity, which might only be enough to open up dsRNA
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Fig. 7. The RNA-binding sequences are predicted to be present within intrinsically disordered (unstructured) regions in p33 replication proteins of five tombusviruses. The
probability of disorder is shown graphically in p33 based on analysis with PONDR-VL-XT. Amino acids with disorder value (PONDR score) of more than 0.5 are considered
“disordered”, whereas below 0.5 are considered “ordered”. Arrows point at the two RNA-binding regions.
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form from the end carrying the AU-rich stretch (within the plus-strand
initiation promoter, Fig. 5) or the short silencer-promoter structure
(Figs. 6A and B). Indeed, providing a weaker dsRNA structure in dsDI72
(5'm3-8) (Fig. 5D), which has a “RNA-bubble structure” (Panavas et al.,
2006), led to 5-fold enhanced RdRp activity by the TCV p88C due to the
RNA chaperoning activity of p33. It is plausible that p88C cannot unwind
the dsRNA regions due to lacking RNA chaperone activity (Fig. 1) and
that results in inefficient loading of the RdRp on the dsRNA template.
However, p33 might help opening up the dsRNA structure from the
“weaker” AU-rich end, followed by loading the RdRp and then plus-
strand synthesis (Fig. 8). Indeed, we have shown previously that both

STEP 1

Minus-strand synthesis

Closed structure

the tombusvirus replicase and p88 RdRp can only open up the “left-side”
of the dsRNA carrying the AU-rich stretch. Thus, our in vitro data indicate
that the primary function of p33 as an RNA chaperone is to facilitate
initiation of RNA synthesis by making the promoter regions accessible to
the viral RdRp. Unwinding of additional internal RNA structures might
be accomplished by the viral RdRp during RNA synthesis as demon-
strated earlier (Panavas et al., 2006). Interestingly, binding of p33 or
p33C to ssRNA regions actually inhibited RdRp activity (Fig. 5B, lanes
11-20 and S1C). This suggests that p33 and especially p33C bound
strongly to the ssRNA might hinder RdRp activity. Based on this and
other data, we propose that the RNA chaperone activity of p33 affects

Opening the structure

STEP 2
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Fig. 8. A model on the possible role of the RNA chaperone activity of p33 in tombusvirus replication. We predict that the RNA chaperone function of p33 replication protein is
involved in opening the closed silencer-promoter structure, which then leads to minus-strand synthesis by the tombusvirus replicase (Step 1) However, the RNA chaperone activity
of p33 is rather inefficient on the (4 )RNA template, thus it is possible that host factors, such as elongation factor 1A, which is recruited for tombusvirus replication, might also be
involved in minus-strand initiation. More importantly, p33 is likely involved in opening up the AU-rich terminus of the putative dsRNA replication intermediate (Step 2). We propose
that binding of p33 to dsRNA could facilitate loading of the replicase to the open AU-rich end in the dsRNA replication intermediate, followed by initiation of plus-strand synthesis
(bottom). It is likely that binding of p33 could stabilize the open structure within the AU-rich stretch in the cPR promoter as shown. After initiation, the tombusvirus replicase can
efficiently unwind the remaining part of the dsRNA template during RNA synthesis as demonstrated earlier (Panavas et al., 2006).
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plus-strand synthesis and possibly also contributes to minus-strand
synthesis via facilitating initiation (Fig. 8). Future in vitro assembly
approaches should help to address this and related questions.

Materials and methods
Purification of recombinant proteins

TCV p88C RdRp and the TBSV and CNV p33 were expressed as MBP-
fusion proteins in E. coli and purified using affinity-based chromatog-
raphy as described earlier (Rajendran and Nagy, 2003; Rajendran et al.,
2002), except that 2 ug RNase A was added to the sonicated cell lysate
and the solution was incubated for 15 min on ice to remove RNA. The
protein concentrations were adjusted to 250 pg/ml with column buffer
(Rajendran and Nagy, 2003; Rajendran et al, 2002). Note that these
preparations lacked ribonuclease activity (not shown).

Preparation of dsRNA templates

First, single-stranded (ss)RNA templates were obtained by in vitro
transcription with T7 RNA polymerase using PCR amplified DNA
templates (Panavas and Nagy, 2005; Panavas et al., 2002). Second, to
make the dsRNA constructs, we annealed the heat denatured ssRNA
transcripts (94 °C for 5 min) in STE buffer (10 mM TRIS, pH 8.0, 1 mM
EDTA, and 100 mM Nacl), followed by slow cooling (30 min) to 25 °C
using a thermocycler (Panavas and Nagy, 2005; Panavas et al., 2006).
The annealed RNAs were loaded onto 5% non-denaturing polyacryl-
amide gels, followed by staining with ethidium bromide. After cutting
out the annealed RNA band, we eluted the dsRNA into 0.6 M
ammonium acetate, followed by phenol-chloroform extraction and
ethanol precipitation (Panavas et al., 2006). The quality of the
obtained dsRNA was checked by non-denaturing polyacrylamide gels.

Strand separation (unwinding) assay

Oligo #20 (5-GGAAATTCTCCAGGATTTCTC) was [>?P]-labeled at
the 5 end with yATP (0.05 mCi) using polynucleotide kinase
(Fermentas). The annealing of 1 pmol of oligo and 1 pmol of DI-72
(—)RNA in STE buffer (10 mM TRIS, pH 8.0, 1 mM EDTA, and 100 mM
NaCl) was done after heat denaturation of RNA transcript at 94 °C for
2 min followed by slowly cooling down the samples to 25 °C in
30 min. Different amounts of MBP-p33, MBP-p88, MBP-p88c or MBP-
Ded1 (0.4, 1.0, and 2.0 pmol) were added separately to the annealed
ssDNA/ssRNA duplex in the RdRp buffer, followed by incubation at
room temperature for 20 min. The samples were then analyzed by
electrophoresis on non-denaturing 5% acrylamide gels, followed by
phosphoimaging (Rajendran and Nagy, 2003).

S1 nuclease sensitivity assay

The dsRNA was obtained using [>2P]UTP-labeled (—)DI-72 RNA and
unlabelled (+)DI-72 RNA in STE buffer. Different amounts (0, 0.5, 1, and
2 pg) of recombinant MBP-p33 were added to the dsRNA (approxi-
mately 15 ng) in RdRp buffer in 10 pl final volume. The samples were
incubated for 15 min at room temperature, then 85U of S1 nuclease
were added in 1.2l 10x S1 buffer (Promega) followed by 15 min
incubation at 37 °C. The samples were loaded on a non-denaturing 8%
acrylamide gel containing 0.1% SDS.

Ribozyme self-cleavage assay

The satellite (—) ribozyme of TRSV (Buzayan et al., 1986) fused to
the 3’ end TBSV RIV RNA was made by T7 polymerase. The purified
recombinant MBP-p33 was included in the 20 ul T7 reaction. The DNA
template for the T7 polymerase was obtained by PCR using oligos #19
(GTAATACGACTCACTATAGGAATTCCTGTTTACGAAAG) and #1069

(CCGGTCGAGCTCTACCAGGTAATATACCACAACGTGTGT) with plasmid
pYC2/CT DI-72-Rz (Panavas and Nagy, 2003). Incubation was at 37 °C
for 30 min, followed by a phenol-chloroform extraction and ethanol
precipitation. The radioactively labeled RNA was loaded to a
denaturing 5% acrylamide gel/8 M urea.

In vitro replicase assays

TCV RdRp reactions were carried out for 2 h at 25 °C in the RdRp
buffer consisting of 50 mM Tris-HCI (pH 8.2), 10 mM MgCl,, 10 mM
dithiothreitol, 100 mM potassium glutamate, ATP, CTP, and GTP
(1.0 mM each), and 0.3 ul of [*2PJUTP (0.1 mCi/ml) in 50 pl volume
(Rajendran et al., 2002). Each RdRp reaction mixture contained 0.5 pg
template (ds or ssRNA), 1.5 pg purified p88C RdRp enzyme (Panavas
et al, 2006) and p33. After phenol-chloroform extraction and
ammonium acetate-isopropanol precipitation, the RNA products
were treated with S1 nuclease followed by another phenol-chloro-
form extraction and ammonium acetate-isopropanol precipitation.
The samples were analyzed by electrophoresis on denaturing 5%
acrylamide gels. The gels were dried, exposed to a phosphor screen
and analyzed using Typhoon phosphorimager and ImageQuant (GE
Healthcare).
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