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The 39 end of Turnip crinkle virus contains a highly

interactive structure including a translational enhancer
that is disrupted by binding to the RNA-dependent

RNA polymerase

XUEFENG YUAN,1 KERONG SHI,1 ARTURAS MESKAUSKAS,1,2 and ANNE E. SIMON1

1Department of Cell Biology and Molecular Genetics, University of Maryland College Park, College Park, Maryland 20742, USA
2Department of Biotechnology and Microbiology, Vilnius University, Vilnius, Lithuania

ABSTRACT

Precise temporal control is needed for RNA viral genomes to translate sufficient replication-required products before clearing
ribosomes and initiating replication. A 39 translational enhancer in Turnip crinkle virus (TCV) overlaps an internal T-shaped
structure (TSS) that binds to 60S ribosomal subunits. The higher-order structure in the region was examined through alteration
of critical sequences revealing novel interactions between an H-type pseudoknot and upstream residues, and between the TSS
and internal and terminal loops of an upstream hairpin. Our results suggest that the TSS forms a stable scaffold that allows for
simultaneous interactions with external sequences through base pairings on both sides of its large internal symmetrical loop.
Binding of TCV RNA-dependent RNA polymerase (RdRp) to the region potentiates a widespread conformational shift with
substantial rearrangement of the TSS region, including the element required for efficient ribosome binding. Degrading the RdRp
caused the RNA to resume its original conformation, suggesting that the initial conformation is thermodynamically favored.
These results suggest that the 39 end of TCV folds into a compact, highly interactive structure allowing RdRp access to multiple
elements including the 39 end, which causes structural changes that potentiate the shift between translation and replication.

Keywords: RNA conformational switches; RNA virus replication; cap-independent translation; translational enhancers; Turnip
crinkle virus

INTRODUCTION

One of the first proteins synthesized from viral RNA
genomes is the RNA-dependent RNA polymerase (RdRp),
which together with other early translation products and/or
host proteins form the viral replicase (Ahlquist et al. 2003;
Shi and Lai 2005; Nagy and Pogany 2006). Translation of
sufficient quantities of the RdRp, either as a separate entity
or as part of a polyprotein, must occur prior to the ge-
nome’s transition to a replication template. If the viral ge-
nome contains a 59 m7GpppG-cap, translation is thought
to proceed in a canonical fashion, which requires the small
40S ribosomal subunit and associated factors to recognize
the 59 cap through intermediary translation factors, and

then scan the RNA in the 39 direction for the first initiation
codon in a good context (Kozak 1999). The small subunit is
joined by the large 60S subunit to form the 80S ribosome,
followed by initiation of translation (Preiss and Hentze
2003; Marintchev and Wagner 2004). RNA viruses that do
not contain a 59 cap must recruit ribosomes internally,
which for animal viruses involves extensive, highly struc-
tured elements in the 59 untranslated region (UTR) known
as internal ribosome entry sites (IRESes) (Hellen and
Sarnow 2001; Merrick 2004). 39 UTR sequences, in addi-
tion to containing elements for replicase assembly and ini-
tiation of minus-strand synthesis (Dreher 1999; Panaviene
et al. 2005), can influence translation mediated by 59 IRES
(Isken et al. 2003; Isken et al. 2004; Song et al. 2006),
possibly through association with viral and/or host RNA-
binding proteins (Edgil and Harris 2006). Efficient trans-
lation of plant virus RNA genomes that lack a 59 cap and
have limited 59 UTR requires critical 39 UTR elements
known as 39 cap-independent translation elements (CITEs),
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whose mechanism of action remains unclear (Dreher and
Miller 2006; Kneller et al. 2006; Miller et al. 2007). Since
translation and replication are mutually exclusive processes
due to opposing directions of protein and RNA synthesis
on the viral template, the proximal positioning of 39 rep-
lication elements with 39 CITE and other 39 translation-
required elements may allow for a coordinated transition
from translation to replication, which requires the clearing
of ribosomes from the template (Barton et al. 1999).

Turnip crinkle virus (TCV) (4054 nucleotides [nt]), a
member of the genus Carmovirus in the family Tombusvir-
idae, has a single, uncapped genomic RNA and a 39 end
that lacks a poly(A) tail. TCV (all references to TCV refer to
the single genomic RNA) contains a 39 CITE that syner-
gistically enhances translation of reporter constructs in the
presence of the viral 59 UTR in vivo (Qu and Morris 2000;
Yoshii et al. 2004; Stupina et al. 2008). The core 39 CITE
was recently mapped to a region between positions 3810
and 3951 (Stupina et al. 2008), which partially overlaps a
100-nt functional domain computationally predicted to
fold into a T-shaped structure (TSS) (McCormack et al.
2008) that has recently been confirmed by NMR-SAXS
(Y Wang, unpubl.). The 39 internal TSS binds to 80S
ribosomes at the P-site through the 60S ribosomal subunit,
and mutations that disrupt ribosome binding negatively
impact translation (Stupina et al. 2008).

The TCV TSS is composed of three hairpins (H4a, H4b,
H5) enclosed by two pseudoknots (Fig. 1E, C3,C2). C3 is
an H-type pseudoknot formed by interaction between
H4a terminal loop sequences and a short upstream region
(McCormack et al. 2008). H5 contains a large internal
symmetrical loop (LSL) whose 39 side pairs with 39 terminal
sequence to form phylogenetically conserved C1 (Zhang
et al. 2004, 2006; Na and White 2006). The 59 side of the LSL
was suggested to pair with uridylates within the terminal
loop of upstream hairpin H4 (termed C4), based on how
alterations that disrupted or reformed base pairs affected
ribosome binding to a fragment containing H4 through the
TSS (H4 / TSS) (Stupina et al. 2008). Downstream from
the TSS is the 39 terminal hairpin Pr, which functions as the
core promoter for minus-strand synthesis (Song and Simon
1995; Sun and Simon 2006). The asymmetric and terminal
loops of H4 are required for robust translation (Stupina
et al. 2008), and H4 and flanking adenylates enhanced Pr-
mediated transcription using purified recombinant TCV
RdRp in vitro (Sun and Simon 2006).

TCV was equally infectious when the sequence between
C3 and the 39 end was exchanged with the analogous re-
gion from the related virus Cardamine chlorotic fleck vi-
rus (CCFV) (65% sequence similarity) unlike exchanges of
most shorter fragments within this region (McCormack
et al. 2008). This indicated that the region between C3 and
the 39 end represents a functional domain. Since H4 and
the linker sequence between H4 and H4a (Link3) are vir-
tually identical between TCV and CCFV (unlike sequences

further upstream), the functional domain likely extends
from H4 through the 39 end (H4 / 39 end).

For this study, we have determined that binding of RdRp
to H4 / 39 end potentiates a widespread conformational
shift in RNA structure that includes a substantial rearrange-
ment of the C3–H4a region, which was reversible when
RdRp levels were reduced. Mutations that disrupted pseu-
doknots or were located within internal or terminal loop
regions in the H4 / 39 end domain had different effects on
RNA structure, either before or after RdRp binding, some
of which strikingly affected RdRp-directed transcription.
Alterations of critical regions revealed a novel interaction
between internal and terminal loops of H4 and the H5 LSL,
which sets up a complex multistrand motif required for
normal minus-strand synthesis. Our results suggest a tight
structural organization of RNA elements in the 39 region
and support a model where newly translated RdRp binds to
the 39 end triggering reorganization of structures necessary
for efficient ribosome binding, causing a transient switch
from translation to replication of the viral genome.

RESULTS

Binding of RdRp causes an extensive conformational
shift in the structure of a fragment containing
H4 / 39 end

We previously used in-line probing to assess the structure
of TCV fragment F4, which contains the H4 / 39 end
domain (McCormack et al. 2008). In-line probing reports
on spontaneous cleavages in the RNA backbone mediated
by nucleophilic attack of 29 hydroxyl that are spatially ‘‘in-
line’’ with oxyanion leaving groups of backbone phos-
phates. Nonstructured RNA residues are more susceptible
to backbone cleavages since nucleotides are not torsionally
constrained by hydrogen bond pairings (Winkler et al.
2002). Results from this previous study were consistent
with the presence of C1, C3, H4a, H4b, most of H5, and Pr
(McCormack et al. 2008).

To determine if RdRp binding to the region causes a
conformational change in the RNA that might disrupt ribo-
some binding to the TSS, fragment F4 was subjected to in-
line probing in the presence and absence of purified recom-
binant TCV RdRp. The RdRp (p88), which is fused to
maltose binding protein (MBP) at the N terminus and
prepared in Escherichia coli, is capable of specific recogni-
tion of TCV RNA templates and transcription of comple-
mentary strands in vitro (Rajendran et al. 2002). In the
absence of RdRp, few cleavages were detected after 1 h of
incubation, while approximately half of the fragments had
at least one cleavage after 14 h (Fig. 1A; data not shown). In
contrast, addition of RdRp caused both enhanced and
reduced cleavages at a number of sites throughout the re-
gion, with a strong pattern emerging after only 1 h (Fig.
1A). By 14 h, most fragments had multiple cleavages,
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resulting in mainly shorter products (see Fig. 1D, lane 4).
Since the RdRp used in the assay was fused to MBP, the
nonviral portion of the protein was examined for indepen-
dent effects on the structure of F4. MBP expressed from the
same vector and prepared in the identical fashion was
added to F4 and the fragment incubated for 1 h. The
cleavage pattern in the presence of MBP was virtually iden-
tical, although reduced in intensity, to the 14 h cleavage
pattern in the absence of protein (Fig. 1B). This indicates
that the altered susceptibility of F4 to in-line cleavage in the
presence of RdRp was not due to the MBP portion of the
fusion protein. We also tested the effect of the RdRp on a
small, nontemplate RNA (MDV) that is associated with Qb

bacteriophage. At 2 h, the cleavage pattern was similar in
the presence and absence of RdRp, while at 14 h, slightly
more cleavages were evident in the sample containing
RdRp, but the pattern remained similar (Fig. 1C). The
cleavage susceptibility of residues in the 39 UTR of Saguaro
cactus virus, which is also a nontemplate for the TCV
RdRp, was similarly unaffected by addition of TCV RdRp
(data not shown). These controls indicate that altered
susceptibility of F4 to cleavage following addition of RdRp
was not due to either the MBP portion of the fusion pro-
tein or a nonspecific contaminating RNase.

Comparison of the cleavage pattern at 14 h in the
absence of RdRp to 1 h in the presence of RdRp indicates
that the enzyme potentiates a substantial rearrangement of
the RNA (Fig. 1A,E). Major differences include (from 59 to
39): (1) enhanced susceptibility of four residues in the H4
terminal loop (H4TL) and altered susceptibility of four of
five residues in the H4 asymmetric internal loop (H4AL);
(2) enhanced cleavages of positions 3904–3906 in the linker
between H4 and H4a (Link3); (3) reduced cleavage of posi-
tions U3914 and G3915 at the base of H4a; (4) enhanced
cleavages in the H4a loop and 39 stem residues (particularly
residues U3925 and C3926); (5) reduced susceptibility in
the short linker (Link2) upstream of H5; (6) reduced sus-
ceptibility of all residues cleaved in H5, suggesting that the
conformational shift may have stabilized the H5 lower
stem; (6) altered cleavages in seven positions in the linker
between H5 and Pr (Link1), including a striking reduction
in cleavage of positions 4018–4020 and two slightly en-
hanced cleavages at positions 4006 and 4007 in C2; and (7)
loss of the strong cleavage at U4032, which is adjacent to
the terminal loop of Pr (PrL). Additional cleavages down-
stream from position 4034 in PrL in wild-type (wt) and
mutant F4 were inconsistent and thus will not be evaluated
further. Residues with reduced susceptibility to cleavage
could represent either bases that are newly paired or bases
that are protected by direct interaction with the RdRp. The
altered susceptibility to in-line cleavage of a substantial
number of residues in the presence of the TCV RdRp
indicates that RdRp interaction with F4 likely affects the
structure of both secondary and tertiary elements from H4
through Pr.

The conformational shift mediated by the RdRp
is reversible

Some of the most striking differences in RNA structure upon
RdRp binding are in the C3/H4a region (Fig. 1A,E). This
region is a key constituent of the TCV 39 CITE and is
important for both translational enhancement and 60S
ribosomal subunit binding to the TSS (Stupina et al. 2008).
The conformational shift induced by RdRp binding could
therefore disrupt translation and promote the switch to
transcription (see Discussion). If this hypothesis is correct,
then the question arises as to whether the conformational
switch induced by the RdRp is permanent, i.e., the template is
incapable of reverting to a form compatible with translation
when RdRp levels are reduced. Alternatively, if the new RNA
conformation is metastable and requires RdRp for mainte-
nance, then reduction in local RdRp levels would cause a
reversion to the initial structural form, which should allow
translation to resume if the RNA is not sequestered from
translational components. This could result in continuous,
cyclical translation of RdRp from the initial infecting RNA.

To test if the conformational switch is reversible, 59 labeled
F4 was incubated with RdRp for 1 h followed by treatment
with proteinase K to degrade the RdRp, and then incubation
continued for an additional 13 h. If the RdRp-mediated
conformation is irreversible, then the cleavage pattern
should resemble the 14-h pattern generated when RdRp is
present (exceptions would be residues masked by RdRp
binding, which would be newly susceptible in the absence of
RdRp). If the switch is reversible, then the cleavage pattern
should be composed of the 1 h RdRp-present pattern
together with the 13-h pattern found in the absence of RdRp.

Addition of proteinase K in the absence of added RdRp
had no effect on the cleavage pattern of F4 (Fig. 1D, lane 7).
Incubation of F4 with RdRp and then treatment with
proteinase K followed by additional incubation resulted
in a cleavage pattern that was a clear combination of the 1 h
RdRp pattern and the 14 h RdRp-free pattern (Fig. 1D, cf.
cleavages in lanes 6 and combined cleavages in lanes 3,5).
For example, F4 with RdRp and proteinase K treatment
contained the RdRp-absent cleavage at position 4005 and
the RdRp-specific cleavages at positions 4006 and 4007. F4
with RdRp and proteinase K treatment sample also con-
tained the RdRp-absent cleavages in Link2 and the strong
RdRp-specific cleavages in the loop of H4a. This result
strongly suggests that the conformation of F4 in the pres-
ence of RdRp reverts to the initial conformation when RdRp
is removed.

Disruption of C3 affects the structure locally
and distally in the Pr loop but does not affect
the RdRp-mediated conformational shift

C3/H4a, H4b, and C2 form a series of parallel stacked
helices comprising the upper portion of the ‘‘T’’ in the TSS

RdRp-mediated RNA conformational shift
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FIGURE 1. (Legend on next page)
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(Fig. 7B; McCormack et al. 2008). Disrupting C3, which
mimics the amino-acceptor stem of a tRNA, reduced both
ribosome binding and translation (Stupina et al. 2008), and
reduced TCV accumulation to barely detectable levels
(McCormack et al. 2008). All of these deficiencies under-
went significant restoration when C3 was reconstituted by
compensatory mutations. To determine if disruption of C3

affects the distinctive structural changes caused by the
RdRp in the region and/or minus-strand synthesis, pre-
viously described mutations m26 and m27 were engineered
into F4 (Fig. 2C). F4 transcripts containing either m26 or
m27 (F4 + m26, F4 + m27) had identical in-line cleavage
patterns, with new cleavages in H4a and in residues
upstream of H4a that normally participate in the pseudo-
knot (Fig. 2A,C). Unexpectedly, residues in Link3 upstream
of C3 had enhanced cleavages that extended into the lower
stem of H4, suggesting cross-talk between this A-rich
region and C3/H4a. A conformational change was also evi-
dent in PrL, with the absence of the normally strong cleav-
age at G4034 in F4 + m26 and F4 + m27. No discernable
differences with the wt cleavage pattern were found in the
remainder of H4, or H5, Link2 or Link1. Transcripts
containing both m26 and m27 (F4 + m26 + m27), which
reforms C3 (McCormack et al. 2008), had a cleavage
pattern that was indistinguishable from wt (Fig. 2A).

To further explore the relationship between the adeny-
lates upstream of C3 and the pseudoknot, mutations that
converted pairs of adenylates to uridylates were generated
in full length TCV and F4 to examine effects on virus accu-
mulation, RNA structure, and template activity. We pre-
viously determined that virus accumulation, translation,
and ribosome binding were substantially reduced when all
five adenylates were converted to uridylates (Stupina et al.
2008). Similarly, no mutant TCV with pairs of adenylate
mutations accumulated above 5% of wt TCV levels in pro-
toplasts, indicating that at least the three central adenylates
are required for efficient accumulation (Fig. 2D, right). In-

line cleavage of F4 transcripts containing A3907U and
A3908U (F4 + m74) revealed very light new cleavages in
H4a at positions identical to those that were more sub-
stantially cleaved when C3 was disrupted (Fig. 2A). This
supports the possibility that these adenylates are contrib-
uting to the structure and stability of C3. However, there
was no discernable reduction in cleavage at position G4034
in PrL, suggesting that alterations in these adenylates and
C3 are not structurally equivalent.

In the presence of RdRp, F4 + m26 and F4 + m27
maintained the distinctive conformational changes in the
region and elsewhere; however, all new cleavages within
H4a and Link3 were more pronounced (Fig. 2B). F4 +
m26 + m27 and F4 + m74 had the wt RdRp-mediated
conformational changes. F4 + m26 and F4 + m26 + m27,
were reproducibly slightly better templates for in vitro
transcription by the TCV RdRp compared with wt F4 and
F4 + m27 (Fig. 2E), suggesting that the substantial effect of
these mutations on virus accumulation is due to disrupted
translation (Stupina et al. 2008). F4 + m74 generated only
28% of wt levels of complementary strands in vitro,
suggesting an additional role for these adenylates in viral
replication. These results suggest that C3 is associated with
both upstream Link3 adenylates and PrL in the three-
dimensional (3D) structure, and that the striking enhance-
ment in in-line cleavage susceptibility of U3925 and C3926
in H4a in the presence of RdRp is independent of C3.

Effect of disrupting C1 on the structure of F4
and the RdRp-mediated conformational shift

To determine how disruption of C1 affects the RdRp-
mediated conformational shift, three new alterations were
generated that were designed to disrupt and reform C1

(Fig. 3C,D). m51 is a G-to-C transversion in the H5 LSL at
position 3992, m52 is a C-to-G transversion in the partner
sequence at the 39 end (position 4053), and m51 + m52

FIGURE 1. RdRp interaction with the TCV 39 end causes a widespread, reversible conformational shift. (A) In-line probing of wt fragment F4
(F4) with and without added TCV RdRp fused to MBP (MBP–RdRp). End-labeled F4 (positions 3859–4054) was incubated for 14 h in the
absence of MBP–RdRp or 1 h in the presence of MBP–RdRp and fragments analyzed on a denaturing 8% polyacrylamide gel. L, ladder generated
following treatment with NaOH; T1, ladder generated following partial fragment denaturation and treatment with RNase T1, which cleaves at
guanylates. InL, in-line cleavage products. Base numbering is at left of the panel and positions of hairpins, subregions within hairpins, and linker
segments are noted to the right, with the locations within F4 shown in E. Red triangles point to cleavage products in the absence of MBP–RdRp.
Red and green dots denote stronger or weaker cleavages following MBP–RdRp addition, respectively. Lower panel is a longer run to better
examine regions more proximal to the 39 end. (B) Same as A except that MBP was added in place of MBP–RdRp. (C ) In-line probing of MDV
RNA, a subviral RNA associated with Qb bacteriophage that is not a template for the TCV RdRp. 59 end-labeled template was subjected to in-line
cleavage for 2 or 14 h in the presence or absence of MBP–RdRp. (D) In-line cleavage of F4 in the presence and absence of MBP–RdRp and
treatment with proteinase K. Lane 1, ladder generated following treatment with NaOH; lane 2, ladder generated following partial fragment
denaturation and treatment with RNase T1; lane 3, 14-h incubation without MBP–RdRp; lane 4, 14-h incubation in the presence of MBP–RdRp;
lane 5, 1-h incubation in the presence of MBP–RdRp; lane 6, 1-h incubation in the presence of MBP–RdRp followed by treatment with proteinase
K and additional 13-h incubation; lane 7, 14-h incubation with proteinase K. Note that lane 6 contains all cleavage products from both lanes 3 and
5. (E ) Location of the hairpins, pseudoknots, and subregions within hairpins on fragment F4. Bases in red are susceptible to in-line cleavages as
shown in A. Bold bases are more strongly susceptible to cleavage. Residues boxed in red and green display enhanced or reduced cleavages,
respectively, in the presence of RdRp. The region that forms the 3D T-shaped structure is denoted TSS. C4 is marked by an asterisk; it was
unknown prior to this study if this pseudoknot forms in fragment F4 in the presence of C1.

RdRp-mediated RNA conformational shift
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should reestablish the pseudoknot. In-line probing of F4 +
m51 revealed new cleavages in the H5 LSL at positions
U3979 and A3977, the latter of which is directly opposed to
the m51 alternation (Fig. 3A,C). Five of six residues on the
59 side of the H5 LSL in F4 + m52 also showed enhanced
cleavage (the exception was A3978) (Fig. 3A,D). This sup-
ports our previous suggestion that noncanonical pairing or
stacking of the bases across the symmetrical loop is affected
by C1 (McCormack et al. 2008). Position C4005 at the base
of H5 was less susceptible to cleavage in F4 + m51 and F4 +
m52, but not F4 + m51 + m52, a result consistent with our
previous C1 disruption (McCormack et al. 2008). This sug-
gests that the G:C pair at the base of H5 is sterically weak-
ened (i.e., residues are more flexible) by the presence of C1.

Unlike wt F4 and F4 + m52, F4 + m51 Link1 residues
A4019 and U4020 were not susceptible to cleavage, suggest-
ing that additional structural features are affected by
modification of the H5 LSL that are not simply due to
the loss of C1. In addition, U3888 in the H4 terminal loop
(H4TL) was reproducibly susceptible to additional cleavage
in F4 + m52, as were additional residues in Link3. This
suggested the possibility that the additional cleavages in the
59 side of the H5 LSL signaled a disturbance of C4 in these
mutant transcripts (see below). In-line probing of F4 +
m51 + m52 revealed restoration of the wt cleavage pattern
throughout the transcript, suggesting that the unique
structural alterations in F4 + m51 and F4 + m52 require
the loss of C1.

When RdRp was added to F4 + m51 and F4 + m51 +
m52, no differences in the wt F4 conformational shift
pattern were detectable upstream of Link1. However, the
cleavage pattern in H4AL was reproducibly different in
F4 + m52 in the presence of RdRp, with no reduction in
cleavage intensity at U3898. The conformation of the Link1
and PrL regions also differed significantly between F4 +
m51 and F4 + m52 in the presence of RdRp in that no
conformational shift in these regions occurred for F4 +
m51. In contrast, Link1 and PrL of F4 + m52 and F4 +
m51 + m52 displayed wt structural changes upon RdRp

binding, with the exception that the strong cleavage at
position G4018 was maintained in F4 + m52. These differ-
ences between F4 + m51 and F4 + m52 following RdRp
binding are consistent with the specific alterations having
unique effects on RNA structure beyond simple elimination
of C1.

To determine if the unique structural effects in both the
presence and absence of RdRp impact template activity for
minus-strand synthesis, F4 + m51, F4 + m52, and F4 +
m51 + m52 were combined with RdRp and levels of
complementary strands determined (Fig. 2E). F4 + m51
was transcribed at a substantially higher level than wt F4. In
contrast, F4 + m52 generated only 40% higher levels of
complementary strands than wt F4, indicating that simple
disruption of C1 is not sufficient for the highly aberrant
levels of transcription associated with F4 + m51. F4 +
m51 + m52 generated wt-sized complementary strands at
76% of wt F4 levels, and thus enhanced transcription of
F4 + m51 requires the absence of C1 in addition to the
specific m51 mutation.

Alteration of H4AL causes local and distal structural
changes that abrogate transcription in vitro

The structure of H4TL and H4AL of H4 undergo distinc-
tive conformational changes in the presence of RdRp.
Previous results indicated that H4 may function in both
translation and replication. For example, H4 and flanking
upstream and downstream (Link3) A-rich sequences en-
hanced transcription from the TCV Pr promoter in vitro
(Sun and Simon 2006), and alterations in H4TL and H4AL
reduced translation by 40%–90% in vivo (Stupina et al.
2008). H4TL 39 side uridylates were also shown to pair with
H5 LSL 59 side adenylates (forming C4) in a fragment
containing H4 / TSS (Stupina et al. 2008). As shown in
this report and predicted in McCormack et al. (2008), non-
Watson–Crick interactions across the LSL are affected by
the presence of C1, and thus C1 could affect the partici-
pation of residues on the 59 side of the LSL in C4.

FIGURE 2. Disrupting C3 alters adjacent adenylates and PrL but not the overall RdRp-mediated conformational shift. (A) In-line probing of F4
containing mutations that disrupt C3 (m26, m27), reform C3 (m26 + m27), or alter two of the adenylates just upstream of C3 (m74). Locations
of the mutations are shown in C and D. Red triangles denote cleavage products in wt F4. Red and green dots denote residues in mutant F4 with
enhanced or reduced cleavages compared with wt F4, respectively. Arrows point to locations of the altered bases. See Figure 1A legend for
additional details. At least two independent in-line probing assays were performed for all mutants in this report, and only reproducible differences
from wt are noted. (B) Structural alterations in the presence of MBP–RdRp; ‘‘�’’ and ‘‘+’’ denote no and added MBP–RdRp, respectively. Red
and green dots denote residues that show enhanced or reduced cleavage, respectively, for each fragment in the presence of MBP–RdRp compared
with in the absence of MBP–RdRp. (C ) Location of the hairpins, pseudoknots, and subregions within hairpins on fragment F4. Bases in red are
susceptible to in-line cleavages in F4 + m26 or F4 + m27. Bold bases are more strongly susceptible to cleavage. Residues boxed in red and green
display enhanced or reduced cleavages, respectively, in the presence of MBP–RdRp. F4 + m74 had similar cleavage patterns to F4 + m26 or F4 +
m27 in the presence and absence of MBP–RdRp, except for the PrL region, which was wt. (D) Left, location of mutations constructed in the Link3
adentylates. Right, accumulation of full-length TCV containing these mutations in protoplasts at 40-h post-inoculation (hpi). Results are averages
of three independent assays. Bars denote standard deviation. (E ) In vitro transcription of wt and mutant F4 using MBP–RdRp and radioactive
nucleotides. Ethidium bromide stained gel is at the left and autoradiograph is at the right. Relative, normalized values from at least three
independent experiments are given below lanes. Standard deviation is in parentheses. Qb-associated MDV RNA is not a template, and is used as a
control for specificity of the RdRp.
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FIGURE 3. (Legend on next page)
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To better delineate the relationship between H4AL,
H4TL, and H5 LSL sequences, we first systematically con-
verted each residue of H4AL to the other three bases and
assayed mutant TCV for accumulation in protoplasts. With
one exception (U3895A), all alterations reduced TCV to
between 3.6 and 54% of wt (Fig. 4B). The most significant
reductions in TCV accumulation were caused by U3895C,
U3898G, A3899G, and all alterations at C3872, the 59 side
single bulged base.

To explore if alterations in H4AL affect the structure
and/or transcriptional activity of F4, U3898G (Fig. 4A),
which reduced TCV accumulation to 3.6% of wt levels, was
selected for further analysis. F4 + U3898G was a very poor
template for the RdRp, with no detectable complementary
strands synthesized (Fig. 4C, left panels). U3898G caused
major changes to the in-line cleavage pattern of F4 in the
absence or presence of RdRp, despite the susceptibility of
U3898 to cleavage in wt F4 that suggested a flexible con-
figuration (Fig. 5A). U3898 transcripts contained altered
cleavage levels within H4AL, with U3895 and U3897
becoming strongly susceptible to cleavage, and moderate
cleavages at the remaining positions including G3898 (Fig.
5A,C). Additionally, the three guanylates in the lower stem
of H4 and most of the flanking Link3 residues displayed
new or stronger cleavages. U3898G also affected the ter-
minal loop of H4, with a new cleavage at H4TL residue
U3881. Unexpectedly, several residues in the H5 LSL were
also newly susceptible to light cleavage in F4 + U3898G
(Fig. 5A,C). These residues were U3974 and A3975 on the
59 side of the LSL, and the opposing residue U3995. This
suggests that U3898 stabilizes the local RNA structure and
also affects H4TL and the H5 LSL, possibly by contributing
to the properties of C4.

The conformational changes in F4 + U3898G occurring
in the presence of RdRp were similar to wt with the fol-
lowing exceptions (Fig. 5B,C): (1) In the H4AL region, the
wt strong cleavage at position U3897 was much weaker;
and (2) very reproducible differences were found in the
H4TL, with the normally unchanging uridylates at posi-
tions 3886, 3887, and 3888 being less susceptible to cleavage
and the normally enhanced cleavages in the center portion
of the loop were absent. The conformational changes in H5
were similar to wt; however, all newly cleaved residues were
unchanged. Altogether, these findings strongly suggest that
the major reduction in TCV levels in vivo due to the

U3898G alteration in H4AL are a combination of reduced
translational efficiency (Stupina et al. 2008) and reduced
minus-strand synthesis, both of which may result from the
structural alternations in the 39 region of TCV.

Mutations in the 59 side of the H5 LSL affect
the structure of H4TL and H4AL

As described above, disruption of C1 by m52, in the
presence or absence of RdRp, affected residues in the H5
LSL, as well as in H4TL and H4AL (Fig. 3), suggesting a
linkage among these three regions. U3898G in H4AL also
caused conformational changes in H4TL and H5 LSL in the
presence and absence of RdRp, further supporting this
connection. The most likely explanation is that C4 is pres-
ent along with C1 in F4 and that H4AL indirectly affects
this pseudoknot. To provide support for the presence of C4

in wt F4 and explore the connection between H4AL, H4TL,
and H5 LSL, we altered three consecutive adenylates in the
59 side of the H5 LSL to either guanylates (m104) or
uridylates (m105; Fig. 4A). Full-length TCV with m104
alterations did not accumulate to detectable levels and
m105 mutations reduced accumulation to only 6% of wt
(Fig. 4B). In vitro transcription of F4 + m105 by the TCV
RdRp produced high levels of products, most of which
were of aberrant length and caused by internal initiation
(Fig. 4C, right; data not shown), suggesting that the RNA
may have adopted an altered conformation that affected
the proper synthesis and initiation of complementary
strands.

In-line structure probing of F4 + m105 produced a
number of structural changes compared with wt F4. As
expected, there were new cleavages in residues on the 59

side of the H5 LSL (positions 3974–3978), including the
three adenylates that were altered (Fig. 5A,D). There was
also a new light cleavage in the H5 GAAA tetraloop and at
U3995 on the 39 side of the LSL. F4 + m105 also contained
distinctive alterations in H4AL and H4TL. The cleavage
pattern in H4AL more closely resembled the pattern found
after the RdRp-mediated conformational shift in wt F4,
e.g., strong cleavage at position U3997 and weaker or ab-
sent cleavages at the other residues. In H4TL, U3888 was
now very susceptible to cleavage (which was also apparent
in the hydroxide-treated ladder lane), and the remaining
residues were less susceptible to cleavage than in wt F4.

FIGURE 3. Mutations that disrupt C1 have different effects on RNA structure, the RdRp-mediated conformational shift, and template activity
for complementary strand synthesis. (A) In-line cleavage of transcripts containing mutations that disrupt (m51, m52) or reform (m51 + m52) C1.
Location of the mutations are shown in C and D. See the legend to Figure 2A for further details. Position U3888 appears as a double band here,
and while the enhanced cleavage at this position was consistent, the doubling of the band was not. (B) Structural alterations in the presence of
MBP–RdRp. See the legend to Figure 2B for further details. Note that the normal shift in the conformation of Link1 and PrL in the presence of
MBP–RdRp is absent in F4 + m51. (C ) Structural alterations due to m51 and (D) m52 in the presence and absence of MBP-RdRp. See the legend
to Figure 2E for details. (E ) In vitro transcription of wt and mutant F4. Ethidium bromide stained gel is at the left and autoradiograph is at the
right. Relative, normalized values from at least three independent experiments are given below the lanes. Standard deviation is in parentheses. No
values are presented for m51 because of the substantial, reproducible enhancement in transcription complicated value determination.
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In the presence of RdRp, the F4 + m105 pattern was
similar to wt F4 except for the maintenance of the strong
cleavage at U3888 and the weak cleavage in the H5
tetraloop. In addition, the strong cleavage at G4019 in

Link1, which in wt F4 is substantially reduced following
addition of RdRp, remained unchanged in F4 + m105.

Mutations in H4TL affect the structure of H4AL

As shown above, altering H4AL and H5 59 LSL caused
structural changes in H4AL, H4TL, and H5 LSL without
significantly affecting C3/H4a, Link2, Link1, Pr, and the
remainder of H5. To provide further support for a con-
nection between terminal and internal loop regions of H4
and the H5 LSL, three uridylates in H4TL (U3886–U3888)
were converted to adenylates (m111), and F4 + m111
assayed for structure and template activity. F4�m111 dis-
played major cleavage pattern differences in H4TL, with
reduced cleavage of positions U3885–U3888 and enhanced
cleavages in the remaining loop residues (positions 3880–
3885) (Fig. 6A,C). Major changes were also evident in
H4AL, with strong cleavages at U3895 and U3898 and
weaker cleavages at the remaining residues. Differences
from the wt pattern were also found in these two regions
following RdRp addition to the transcripts, as well as at
position A3907 in Link3 and in Link1 sequences adjacent to
Pr, which no longer exhibited a conformational shift (Fig.
6B). Similar to H4AL mutation U3898G, m111 significantly
affected the activity of F4 transcripts for in vitro transcrip-
tion, with no discernable complementary strands synthe-
sized in vitro (Fig. 6D).

H4AL reduces stability of C4

80S ribosomes bound the TSS with greater affinity in the
absence of H4 and Pr/C1 (Stupina et al. 2008). Mutations
that disrupted C4 enhanced ribosome binding in a frag-
ment (F3) containing H4 / TSS, while compensatory
mutations that reformed C4 weakened binding, suggesting
that C4 interferes with ribosome recognition of the TSS in
this fragment. Mutations in H4AL also significantly re-
duced ribosome binding to a fragment containing the TCV
39 terminal 393 nt. In light of current results suggesting a
structural connection between H4AL, H4TL, and H5 LSL
that possibly acts through C4, we wanted to determine if
mutations in H4AL were detrimental to TSS-ribosome
binding due to a strengthening of C4. Previously described
H4AL m21 mutations (UUA–ACU) (Fig. 7A; Stupina et al.
2008), which had been found to reduce translation of a
reporter construct by 10-fold in vivo, reduced ribosome
binding to F3 by fourfold (Fig. 7C, wt F3, Kd = 1.34 mM;
F3 + m21, Kd = 5.5 mM). A3978C (m19), a mutation in the
H5 LSL, enhanced ribosome binding to F3 by 2.2-fold
(F3 + m19, Kd = 0.61 mM), supporting previous findings
that disrupting C4 in this fragment enhances ribosome
interaction with the TSS. F3 + m21 + m19 bound
ribosomes with 16-fold greater affinity compared with
F3 + m21, reaching a value very similar to ribosome bind-
ing to fragment F1, which contains only the TSS and Link3

FIGURE 4. Alteration of H4AL and H5 LSL affect virus accumulation
in vivo and synthesis of complementary strands in vitro. (A) Location
of specific mutations. The region between H4 and H5 is abbreviated
for simplicity. (B) Mutations were constructed in full-length TCV at
each position in H4AL and at a single location in the H5 LSL and
assayed for effect on virus accumulation in protoplasts. Results are
averages of three independent assays. Bars denote standard deviation.
(C ) In vitro transcription of wt and mutant F4 using MBP–RdRp.
Ethidium bromide stained gel is at the left of the autoradiograph.
Relative, normalized values from at least three independent experi-
ments are given below lanes. Standard deviation is in parentheses. Only
the wt-sized F4 + m105 product was included in the value shown.
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(F3 + m21 + m19, Kd = 0.36 mM; F1, Kd = 0.45 mM). This
indicates that disrupting C4 can compensate for the
negative effects of altering H4AL, supporting a role for
H4AL in the stability of C4.

DISCUSSION

The requirement that RNA viral genomes first serve as
templates for translation and then as templates for repli-
cation requires precise temporal regulation that allows ge-
nomes to translate sufficient quantities of replication-

required products and then clear ribosomes so that tran-
scription can commence (Barton et al. 1999). The existence
of 59 elements necessary for transcription initiation from
the 39 end (Gamarnik and Andino 1998; Barton et al. 2001;
Frolov et al. 2001; Filomatori et al. 2006; Yi and Kao 2008),
and 39 elements required for translation from the 59 end
(Dreher 1999; De Quinto et al. 2002; Dobrikova et al. 2003;
Chiu et al. 2005; Bradrick et al. 2006; Miller and White
2006; Song et al. 2006; Miller et al. 2007; Karetnikov and
Lehto 2008) suggest a requirement might exist for over-
lapping replication and translation elements at either end

FIGURE 5. Mutations in H4AL or H5 LSL affect the structure of H4AL, H5 LSL, and H4TL. (A) In-line cleavage of transcripts containing
mutations in H4AL (U3898G) or H5 LSL (m105). Location of the mutations are shown in C and D. See the legend to Figure 2A for further details.
(B) Structural alterations in the presence of MBP–RdRp. See the legend to Figure 2B for further details. (C ) Structural alterations in F4 due to
U3898G, and (D) m105 in the presence and absence of MBP–RdRp. See the legend to Fig. 2C for details.

RdRp-mediated RNA conformational shift

www.rnajournal.org 1859

 Cold Spring Harbor Laboratory Press on March 5, 2010 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


of the viral genome to control the switch between trans-
lation and replication.

To study the relationship between 39 proximal trans-
lation and replication elements, we used in-line probing to
provide clues as to the higher order structure of the 39 200
nt of TCV and to determine how RdRp interaction with
this region affects structural dynamics. Figure 8 depicts our
current understanding of these interactions in the absence
of RdRp based on the following data generated in this
report: (1) C3 is stabilized by upstream adjacent adenylates.
Mutations that disrupted C3 (m26, m27) affected the
structure of adjacent Link3 adenylates and vice versa (Fig.
2A), suggesting that H-type pseudoknots can be stabilized
by nearby external sequences. This possibility is supported
by recent findings that the structure of the TSS is unstable
in solution in the absence of the upstream adenylates or
additional bases that artificially extend the pseudoknot
(Y Wang, unpubl.). (2) PrL is likely associated with the

C3/H4a region of the TSS. Mutations that disrupted C3

altered cleavage of G4034 in PrL without detectably
affecting elements that reside between these two regions,
while compensatory mutations reestablished the wt cleav-
age pattern (Fig. 2A). (3) H5 LSL residues interact with
sequence at the 39 terminus (forming C1) and with se-
quence in the H4TL, forming C4. Disruption of C1 by m52
altered the conformation of the opposed LSL residues and
residues in H4TL and H4AL, either before or after the
RdRp-mediated conformational shift, suggesting that elim-
inating C1 can in some instances affect C4 (Fig. 3). m51
caused a different pattern of cleavages across the LSL
without discernibly affecting H4AL or H4TL. This suggests
additional noncanonical pairing or stacking of LSL residues
is occurring across the loop, which is dependent on the
presence of C1 as previously proposed (McCormack et al.
2008). (4) H4AL interacts with H4TL to control the
stability of C4. Mutations in H4AL (U3898G) and H4TL

FIGURE 6. Mutations in H4TL affect the structure of H4AL. (A) In-line cleavage of transcripts containing mutations in H4TL (F4 + m111).
Location of the mutations is shown in C. See the legend to Figure 2A for further details. (B) Structural changes in F4 + m111 in the presence of
MBP–RdRp. See the legend to Figure 2B for further details. (C) Structural alterations in F4 due to m111 in the presence and absence of MBP–
RdRp. See the legend to Figure 2C for details. (D) In vitro transcription of wt F4 and F4 + m111 using MBP–RdRp. Ethidium bromide stained gel
is at the left of the autoradiograph. Assays were performed three times. Arrow denotes position of full-length transcripts.
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(m111) altered each other’s structure (Figs. 5A, 6A), while
LSL alteration m105 affected cleavages in both H4TL and
H4AL (Fig. 5A). This suggests that noncanonical interac-
tions connect these two critical H4 loops. Mutations in
H4AL reduced ribosome affinity to a fragment containing
H4 and the TSS, which was relieved by a mutation that
disrupted C4 (Fig. 7C). This suggests that mutations in
H4AL relieve constraints on H4TL, enhancing the stability
of C4. This pseudoknot interferes with ribosome recogni-
tion of the TSS, which may at least partly account for
the disruptive effects of H4AL mutations on translation
(Stupina et al. 2008).

The simultaneous canonical pairing of RNA to both sides
of a large internal symmetrical loop, as envisioned for the
C4 and C1 interaction with the H5 LSL, is similar to the
structure that forms between the LSL of H/ACA snoRNA
and 28S ribosomal RNA that leads to pseudouridylation
(Wu and Feigon 2007). Analysis of the crystal structure of
this intermolecular motif indicated the formation of a
unique type of three-way junction (3H) composed of two
stacked helices that was reminiscent of the 3H C family
(Lescoute and Westhof 2006). The 3D structure of RNA is
composed of a limited number of common structural
elements (Hendrix et al. 2005), and it will be interesting
to determine if the C4/H5 LSL/C1 element is a second
example of this unusual type of 3H motif.

None of the mutations outside of the C3/H4a region
affected C3/H4a, H4b, H5, or C2, suggesting that the top of
the ‘‘T’’ in the TSS that forms from parallel stacked helices
is highly stable. Additionally, the structure of H5, which is
located perpendicular to the stacked helices, was not
significantly altered (outside of the LSL region) by any of

the current mutations, with the exception of C4005 at the
very base of H5, whose flexibility is affected by C1.
Altogether, these results suggest that the TSS forms a stable

FIGURE 7. Mutations in H4AL strengthen the stability of C4. (A) Location of mutations on a simplified 39 structure. (B) RNA2D3D structure of
the TSS (McCormack et al. 2008), showing the location of the H5 LSL region. Location of hairpins and pseudoknots are noted. Formation of C4 is
predicted to affect ribosome recognition of the TSS. (C) Ribosome binding to fragment F1 (positions 3900–4016, contains Link3 / TSS), F3
(positions 3859–4016, contains H4 / TSS), and F3 containing mutations described in A. Two to 100 pmol of [32P] 59-end labeled wt and mutant
TCV transcripts were combined with 25 pmol of yeast 80S ribosomes and bound RNA was detected following filter binding. Dissociation
constants were calculated from three independent experiments. Standard error bars are shown.

FIGURE 8. Interactions between different elements in the 39 UTR of
TCV. Thick arrows reflect interactions that are disrupted when
elements are mutated. For example, mutation in C3 affect the
structure of the adjacent adenylates (and vice versa, indicated by
double arrowheads) and the structure of PrL (single arrowhead, since
the reverse is not known); mutations in C1 affect the structure of non-
Watson–Crick interactions across the H5 LSL; however, mutations in
the 59 side of the H5 LSL do not abrogate C1. Asterisks indicate
residues in ‘‘hinge’’ locations that are sterically affected by disruption
of some of the interactions (see text for more details), or some
differences following the RdRp-mediated conformational shift.
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scaffold that allows for interactions with surrounding
elements through its large internal symmetrical loop. These
interactions likely result in a highly interactive, compact
structure that allows for simultaneous RdRp access to
multiple elements within the region including the 39 end.

RdRp binding to F4 results in an extensive conforma-
tional shift in the RNA structure that disrupts numerous
interactions within the TSS and between the TSS and
surrounding sequences. RdRp-induced changes in in-line
cleavage susceptibility included residues in H4AL, H4TL,
C3/H4a, H5, PrL, and all linkers connecting the hairpins.
While the precise location of RdRp binding in F4 is not
known, loss of flexibility of residues just upstream of H4a
and in Link2 may point to possible locations that are
protected from cleavage by RdRp binding.

The C3–H4a region, which is important for ribosome
binding to the TSS (Stupina et al. 2008), was particularly
affected by RdRp binding. Interestingly, the C3–H4a region
mimics the amino-acceptor portion of a tRNA, which is the
site of large ribosomal subunit binding (Schäfer et al. 2002).
Binding of threshold levels of newly synthesized RdRp to
the 39 end could therefore disrupt structures required for
60S ribosome subunit binding, restricting ribosome access
to the template and promoting replication. The RdRp-
mediated conformational shift depended on the continued
presence of the RdRp, since digestion of the RdRp caused
subsequent in-line cleavages to reflect the initial structure
of the RNA (Fig. 1D). The dependence of the alternative
structure on the continued presence of RdRp suggests that
depletion of the local concentration of RdRp that would
occur following transcription of complementary strands
and transport of the RdRp-minus-strand complex to sites
of plus-strand synthesis (e.g., membrane-derived spherules)
would lead to reversion of the RNA template to the initial
translatable form allowing for cyclic synthesis of RdRp.

Several mutations had major effects on F4 transcription.
Alterations in H4AL and H4TL eliminated detection of
complementary strands, suggesting that H4 is a key com-
ponent in transcription regulation. H4, along with flanking
A-rich sequences, enhanced transcription when positioned
directly downstream from Pr in vitro (Sun and Simon
2006). However, mutations in H4AL and H4TL had no
effect on transcriptional enhancement or RdRp binding to
the recombinant fragment, suggesting that these regions
function through a mechanism that requires the missing
TSS. Simple elimination of C4, however, was not the cause
of reduced template activity, since F4 with alterations in the
59 side of the H5 LSL (m105) enhanced complementary
strand synthesis while also promoting internal initiation of
a smaller product (X Yuan and AE Simon, unpubl.).

Unexpectedly, disruption of C1 affected template activity
differently depending on the location of the mutation (the
39 penultimate residue or LSL residue). F4 + m51 was an
aberrantly robust template, generating at least 20-fold more
complementary strands of varying sizes compared with wt

F4. This suggests that the RdRp accesses the 39 end dif-
ferently in F4 + m51 compared with other transcripts,
which is supported by finding no conformational shift in
the structure of F4 + m51 downstream from H5 (Fig. 3B).
Disruption of the analogous C1 pseudoknot by single base
alterations in a defective interfering RNA associated with
the tombusvirus Tomato bushy stunt (Pogany et al. 2003)
and in TCV-associated satellite RNA satC also enhanced
transcription in vitro (Zhang et al. 2004), but not to the
extent of m51.

The structure shown in Figure 8 was determined in the
absence of the 59 UTR. The RNA conformation present dur-
ing translation in the full-length virus is likely to be differ-
ent, since C4 inhibits ribosome binding and therefore may
be absent during translation initiation. Mutations in the
H4TL uridylates that participate in C4 reduced translation
of a single luciferase construct in protoplasts, while alter-
ations in partner adenylates in the H5 LSL did not neg-
atively affect translation (Stupina et al. 2008). This suggests
that H4TL residues may participate in an additional inter-
action required for translation. We are currently exploring
if this interaction involves pairing with a repeat of the 59

side H5 LSL sequence that is located in the TCV 59 UTR.

MATERIALS AND METHODS

Construction of TCV mutants

Oligonucleotide-mediated site-directed mutagenesis was used
along with PCR to construct the 39UTR mutants in pTCV66,
which contains full-length wt TCV sequence downstream from a
T7 promoter. All mutations were confirmed by sequencing. F3
and F4 fragments containing mutations were generated directly
from the mutant pTCV66 constructs using PCR with a 59 primer
that contained a T7 RNA polymerase promoter.

Expression and purification of MBP–RdRp and MBP

pMAL–c4X plasmid (New England Biolabs), containing an addi-
tional p88 insert fused to the resident MBP, was a kind gift from
P.D. Nagy (University of Kentucky). pMAL–c4X without the p88
insert was used to prepare MBP. Plasmids were transformed into
E. coli Rosetta (DE3) pLacI competent cells (Novagen), and
expression and purification of the recombinant protein carried
out as described (Rajendran et al. 2002).

In-line probing of RNA structure in the presence
and absence of RdRp

In-line probing was performed essentially as previously described
(Winkler et al. 2002; McCormack et al. 2008). Briefly, wt F4 and
mutant fragments were synthesized using T7 RNA polymerase, 59

end labeled using [g-32p]-ATP and polynucleotide kinase and
then purified by polyacrylamide gel electrophoresis. Fragments
were then heated to 75°C and allowed to slow cool over 2 h to
room temperature. RNA (5 pmol) was then incubated at room
temperature in 50 mM Tris-HCl (pH 8.5), 20 mM MgCl2 for 14 h
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without RdRp, or for 1 h in the presence of 7.5 pmol of purified
MBP–RdRp. Reactions were ethanol precipitated, heated at 95°C
for 5 min and subjected to electrophoresis through 8% sequencing
length denaturing polyacrylamide gels. RNA cleavage ladders were
generated by incubating end-labeled RNA in a reaction mix
containing 1 mg yeast tRNA, 50 mM NaHCO3/Na2CO3 (pH
9.2), and 1 mM EDTA for 5 min at 95°C. RNase T1 digests were
carried out by incubating 5 pmol of partially denatured labeled
RNA in 1 mg yeast tRNA, 20 mM sodium citrate (pH 5), 1 mM
EDTA, 7 M urea, and 1 U RNase T1 for 15 min at room
temperature. To digest the RdRp, 0.6 U Proteinase K (NEB) was
added followed by an additional 13-h incubation. At least two
independent in-line probing assays were performed for each mu-
tant, and only reproducible effects are described here.

In vitro RdRp assay

In vitro RdRp assays were performed in the presence of 10 mM
Mg2+, the same concentration as that used for RNA structure
probing. Briefly, 1 mg of purified RNA template was added to a
25-mL reaction mixture containing 50 mM Tris-HCl (pH 8.2), 100
mM potassium glutamate, 10 mM MgCl2, 10 mM dithiothreitol,
1 mM each of ATP, CTP, GTP, 0.01 mM UTP, 10 mCi of [a-32P]
UTP (Amersham), and 2 mg of MBP–RdRp. After 90-min
incubation at 20°C, 1 mg of tRNA was added, and the mixture
was subjected to phenol–chloroform extraction and ammonium
acetate–isopropanol precipitation. Radiolabeled products were
analyzed by denaturing 8M urea–5% polyacrylamide gel electro-
phoresis followed by autoradiography.

Protoplast inoculations, RNA extraction,
and Northern blots

Protoplasts (5 3 106) prepared from callus cultures of Arabidopsis
thaliana (ecotype Col-0) were inoculated with 20 mg of TCV
genomic RNA transcripts as previously described (Kong et al.
1997). Equal amounts of total RNA extracted from protoplasts at
40 hpi were subjected to electrophoresis through a 1.5% non-
denaturing agarose gel. After blotting, TCV was probed with
fragments specific to the 39 400 nt prepared by random labeling
with [a-32P]-dCTP.

Isolation of 80S ribosomes

Yeast ribosomes (strain JD1090) were isolated as previously
described (Meskauskas et al. 2005). Supernates following cellular
disruption were transferred to 4-mL polycarbonate tubes con-
taining 1 mL of a cushion buffer C [50 mM Tris-HCl (pH 7.5) at
4°C, 5 mM Mg(CH3COO)2, 50 mM NH4Cl, 25% glycerol, 0.1
mM PMSF, 0.1 mM DTE]. Ribosomes were sedimented by
centrifugation for 2 h at 50,000 rpm using an MSL-50 rotor.
Fines from ribosome pellets were gently washed off with buffer C.
Ribosomes were suspended in buffer C at concentrations of 2 to
10 pmol/ml (1 OD260 = 20 pmol) and stored frozen at �80°C.

Ribosome binding assays

Filter binding assays were performed as previously described
(Meskauskas et al. 2005) in 50 mL of binding buffer [80 mM
Tris-HCl (pH 7.4), 160 mM NH4Cl, 11 mM Mg(CH3COO)2,

6 mM b-mercaptoethanol, 0.4 mM GTP, and 2 mM spermidine,
0.4 mg/mL of poly(U)] containing 25 pmol of ribosomes or 40S
ribosomal subunits and 2-100 pmol of [32P] 59-end labeled 59

UTR fragments.
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