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ABSTRACT

With a minimal (250-400 nt), non-protein-coding, circular RNA genome, viroids rely on sequence/structural
motifs for replication and colonization of their host plants. These motifs are embedded in a compact
secondary structure whose elucidation is crucial to understand how they function. Viroid RNA structure
has been tackled in silico with algorithms searching for the conformation of minimal free energy, and
in vitro by probing in solution with RNases, dimethyl sulphate and bisulphite, and with selective 2'-
hydroxyl acylation analyzed by primer extension (SHAPE), which interrogates the RNA backbone at single-
nucleotide resolution. However, in vivo approaches at that resolution have not been assayed. Here, after
confirming by 3 termodynamics-based predictions and by in vitro SHAPE that the secondary structure
adopted by the infectious monomeric circular (+) RNA of potato spindle tuber viroid (PSTVd) is a rod-like
conformation with double-stranded segments flanked by loops, we have probed it in vivo with a SHAPE
modification. We provide direct evidence that a similar, but not identical, rod-like conformation exists in
PSTVd-infected leaves of Nicotiana benthamiana, verifying the long-standing view that this RNA
accumulates in planta as a “naked” form rather than tightly associated with protecting host proteins.
However, certain nucleotides of the central conserved region, including some of the loop E involved in key
functions such as replication, are more SHAPE-reactive in vitro than in vivo. This difference is most likely
due to interactions with proteins mediating some of these functions, or to structural changes promoted
by other factors of the in vivo habitat.

Abbreviations: mc and m/, monomeric circular and linear PSTVd RNA, respectively; PAGE, polyacrylamide gel elec-
trophoresis; PSTVd, potato spindle tuber viroid; SHAPE, selective 2'-hydroxyl acylation analyzed by primer extension
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Introduction

In contrast to viruses that encode some of the proteins they need to
facilitate their infectious cycle, viroids are just composed by a non-
protein-coding, small (250-400 nt), circular RNA.'"® Conse-
quently, these minimal genomes are extremely and specifically
dependent on sequence/structural motifs for hijacking components
of the transcription, processing and trafficking machineries of their
host plants in order to be replicated and invade them systemically,
overcoming the defensive barriers they raise.”'' Some of such
motifs have an intrinsically associated catalytic role, as illustrated
by the hammerhead ribozymes,'”'* adopted transiently by the
strands of both polarities of plastid-replicating viroids (family
Avsunviroidae) to mediate self-cleavage of the oligomeric RNAs
generated during replication through a symmetric rolling-circle
mechanism.® Yet, certain host proteins enhance the catalytic effi-
ciency of these ribozymes."*

Most other motifs are less complex, seem involved in repli-
cation/trafficking, and are embedded in a rod-like secondary
structure proposed as an almost universal feature of nuclear-
replicating viroids (family Pospiviroidae, type member potato
spindle tuber viroid, PSTVd).">"” An example is the RY motif

—located close to the terminal right hairpin loop of the rod-
like secondary structure of the monomeric circular (mc) PSTVd
(+) RNA— which is responsible for the specific interaction of
this RNA in vitro and in vivo with the tomato viroid RNA bind-
ing protein 1 (Virp1).'**° The evidence for the rod-like confor-
mation of the mc PSTVd (+) RNA is strong in silico, with
algorithms that retrieve the secondary structure of minimal
free energy,”’ > and in vitro, by biochemical approaches that
include probing in solution with RNases, bisulphite and
dimethyl sulphate,'”** and more lately by selective 2’-hydroxyl
acylation analyzed by primer extension (SHAPE),”>*” which
provides data on local backbone RNA flexibility at the single-
nucleotide level.***° Additionally, electron microscopy’"** and
several biophysical approaches in solution,” " also support the
aforementioned rod-like secondary structure.

However, direct extrapolation of the existence of a similar
structure in planta is questionable for reasons discussed previ-
ously,””® prominent among which are the initial thermal dena-
turation/renaturation applied to RNA for SHAPE analysis in
vitro, the ionic composition that differs from that of the physio-
logical context, and the interaction of the RNA with different
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host proteins that may impact significantly on its structure.
Nevertheless, there is evidence, albeit indirect and fragmentary,
for such a structure in vivo. In brief: i) duplications and dele-
tions observed in natural and artificial variants of several mem-
bers of the family Pospiviroidae preserve the rod-like
structure,”” *° and ii) replication and directional PSTVd traf-
ficking through specific cell boundaries is regulated by RNA
motifs, particularly loops, of the rod-like secondary structure
(see below). The high genetic variability observed in members
of the family Avsunviroidae, a likely consequence of their high
mutation rate,*' makes it feasible to validate the in silico and in
vitro conformations by the presence in natural sequence var-
iants of co-variations and conversions of canonical into wobble
base-pairs, or vice versa, that preserve the pairing of most dou-
ble-stranded stems and even tertiary interactions.’®*>** Unfor-
tunately, the lower genetic variability of members of the family
Pospiviroidae precludes a similar analysis and leaves open an
important issue.

Because novel reagents have been recently developed to
extend SHAPE methodology to in vivo conditions,* ™ we
decided to apply such approach to dissect the conformation of
the mc PSTVd (4) RNA in infected leaves of the experimental
host Nicotiana benthamiana. Our results confirm the existence
of a rod-like “naked” conformation in vivo showing minor, but
significant, changes with that obtained in silico and in vitro.
Intriguingly, some of the differences map at nucleotides of the
lower strand of the central conserved region (CCR),* particu-
larly at loop E with a crucial role in replication.”’”** Such differ-
ences most likely result from interactions with host proteins or
with other factors present in the in vivo habitat.

Results

In silico predictions lead to a rod-like conformations for
the mc PSTVd (+) strand

Although other PSTVd variants, particularly the so-called inter-
mediate strain from potato (GenBank accession number
NC_002030),">'” have been subjected to multiple thermodynam-
ics- and kinetics-based predictions,”>>*° this is neither the case
for the NB variant (GenBank accession number AJ634596.1)°>2
used in the present study, nor for the dahlia variant (GenBank
accession number AB623143.1)>* used in SHAPE in vitro.*
Moreover, we were specifically interested in the secondary struc-
ture of the mc PSTVd (4) RNA, which predominates in infected
tissue and is the most relevant viroid form for priming the asym-
metric rolling-circle replication and for trafficking in vivo.****>
As in a recent report dealing with another viroid,” we tackled
this issue with 3 independent softwares: Mfold,”' RNAfold** and
RNAstructure,” the first 2 with the version for circular RNAs
not available for the third one. The three softwares generated
essentially the same rod-like conformation of minimal free
energy for the NB variant, except 2 alternative motifs predicted
by RNAfold and one small alternative motif predicted by Mfold
(in the 3 instances with a relatively low probability) (Fig. 1), thus
indicating a high degree of coherence between them.

When the conformation of the NB variant in silico was com-
pared with those of the intermediate and dahlia variants, in all
cases obtained using RNAstructure that is the software usually
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implemented in SHAPE in vitro and in vivo,% additional alterna-
tive motifs were observed in the rod-like structure, particularly
with the dahlia variant (Fig. S1). Such differences most likely
result from changes in the nucleotide sequence: 6 substitutions
between the NB and the intermediate variants, and 9 substitu-
tions plus 3 indels between the NB and dahlia variants (Fig. S1).

Non-denaturing page shows that the mc PSTVd (+) RNA
adopts a predominant secondary structure in vitro

Then we moved to analyze if, according to in silico predictions,
the mc PSTVd (+) form folds into a major conformation in solu-
tion. For such purpose, this RNA was isolated and purified from
infected tissue and then examined by non-denaturing PAGE.
Before electrophoresis, 2 aliquots of the purified RNA resus-
pended in water were heated at 95°C for 2 min and either gradu-
ally-cooled at 25°C along 15 min or snap-cooled on ice, serving
as control a third non-treated aliquot. The samples were then
incubated at 37 °C for 5 min in the folding buffer.”” Three addi-
tional aliquots were similarly processed, but the folding buffer
was supplemented with 6 mM Mg”". The mobility of the mc
PSTVd (4+) RNA was unaffected by the treatments (Fig. 2), as
also occurred when the Mg*" was added before heating at 95°C
for 2 min, although in this latter case the band intensity became
attenuated as a likely consequence of the RNA hydrolysis pro-
moted by this metal (data not shown). Importantly, a prominent
single band was observed in all instances, consistent with the
view that the mc PSTVd (+) form adopts in vitro a single sec-
ondary structure, without excluding the presence of others with
minor modifications indiscernible by non-denaturing PAGE.

In vitro SHAPE with N-methylisatoic anhydride (NMIA)
confirms the rod-like conformation inferred in silico for
the mc PSTVd (+) RNA

The observation that the mc PSTVd (4) RNA adopts in vitro a
main conformation, made it possible to probe such secondary
structure at single-nucleotide resolution with SHAPE in vitro
using NMIA*® coupled to computer-assisted prediction using
RNAstructure.’° In order to cover entirely the whole molecule,
2 independent primers were used. The analysis with these 2 pri-
mers led to consistent results that were also in good agreement
with those predicted in silico: the overall conformation adopted
in vitro by the mc PSTVd (4+) RNA is a rod-like secondary
structure with, excepting minor rearrangements, similar dou-
ble-stranded segments interspersed with small loops (Fig. 3A).

Importantly, of the motifs for which the physical and/or bio-
logical evidence supporting their existence and involvement in
replication/trafficking is strongest —loops 6, 7, 15 (loop E) and
24 (numbering according to;** see below for a more detailed
account of their functions)— all except loop 24 were preserved.
We do not know the cause for such discrepancy but the evi-
dence sustaining this loop is only biological and not struc-
tural.”® Other motifs, including loops 13 and 14 (located in the
CCR and, therefore, most likely relevant from a functional per-
spective), and loops 23 and 26 (the internal and external RY
motifs involved in binding VirP1),'® were also preserved.

It is worth noting that this is the first SHAPE analysis
in vitro performed with the mc PSTVd (+) RNA, which apart
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Figure 1. (A) Rod-like secondary structure of minimum free energy predicted by RNAstructure for the mc PSTVd (+) RNA of the NB variant. Insets (1) and (2), alternative
motifs predicted by RNAfold and inset (3), alternative motif predicted by Mfold. Colors denote the probability (see inset 4) of a nucleotide being double- or single-stranded
as predicted by RNAstructure. (B) Rod-like secondary structure of minimum free energy proposed for the mc PSTVd (+) RNA of the intermediate variant,®2 which differs
from NB in 6 substitutions: C46— G, U47—C, U201—G, U259—C, A313— U, and C317— U (within squares and marked with arrows). The structure of the intermediate
variant, which is presented here for comparative purposes and as a reference for loop numbering,*® has been edited to remove an non-existing extra G-C base pair adja-
cent to the terminal left loop.*® Loops 8 and 16 in the intermediate variant are split in the NB variant into 8a and 8b, and 16a and 16b, respectively. TL (terminal left), P
(pathogenicity), C (central), V (variable) and TR (terminal right) are structural domains defined previously.82

from being the form that triggers infection and mediates
trafficking in vivo (see above), should adopt its intra-
molecular cooperative folding more easily than the monomeric
linear (ml) counterparts used in previous SHAPE studies
in vitro.**’

In vitro SHAPE with 2-methylnicotinic acid imidazolide
(NAI) further supports the rod-like conformation predicted
for the mc PSTVd (+) RNA

Because we were planning to use NAI as the acylating reagent
for SHAPE in vivo,*** we first examined with the same

2 primers used before how consistent was the NAI-derived
conformation in vitro for the mc PSTVd (+) RNA with
that determined with NMIA. In both instances a similar
rod-like secondary structure was obtained, and what is even
more significant, with essentially the same loops (Fig. 3A
and B).

Altogether, the excellent concordance of in vitro SHAPE
results with NMIA and NAI provided us with the confi-
dence to take the next step and analyze the conformation
of the mc PSTVd (+) RNA in planta with the latter
reagent, which due to its higher t,,, hydrolysis,*> is more
appropriate for SHAPE studies in vivo.

6 mM Mg?*

1 2 3

Snap Gradual
cooling cooling

Snap Gradual
cooling cooling

4 5 6 7

Figure 2. The mobility of the mc PSTVd (+) RNA in non-denaturing 5% PAGE remains unaffected after different thermal treatments. Before electrophoresis, aliquots of
the gel-eluted RNA were heated at 95°C for 2 min and snap-cooled on ice (lane 2 and 5), gradually-cooled at 25°C along 15 min (lane 3 and 6), or left without thermal
treatment (NT) (lane 4 and 7). The RNAs were subsequently renatured at 37 °C for 5 min in the folding buffer (with or without 6 mM Mg”). M refers to DNA markers
with their size (in base pairs) indicated on the left (lane 1). The gel was stained with ethidium bromide.
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Figure 3. In vitro SHAPE analysis supports a rod-like conformation for the mc PSTVd (+)" RNA. (A) and (B) Results obtained with N-methylisatoic anhydride (NMIA) and 2-
methylnicotinic acid imidazolide (NAI), respectively, coupled to computer-assisted prediction using RNAstructure. Nucleotides in red, yellow and black displayed high
(more that 0.85), intermediate (0.85-0.40) and low (less than 0.40) SHAPE-reactivity. Other details regarding domains and loops as in the legend to Fig. 1.

SHAPE analysis of the mc PSTVd (+) RNA in infected leaves the grinding procedure might influence the final outcome

of Nicotiana benthamiana reveals a “naked” rod-like because homogenization of NAI-infiltrated PSTVd-infected tis-
conformation with minor but significant differences with sue, with either a mechanical device or with liquid nitrogen, led
that observed in vitro essentially to the same results (data not shown).

Examination of the data obtained showed that this RNA
We essentially followed a NAI-based procedure described pre- indeed adopts a rod-like conformation in vivo —an observation
viously replacing radioactive by fluorescent labeling.** The relevant per se because it indicates that this RNA accumulates
other most significant modification was that, following NAI in planta essentially as a “naked” form rather than in tight asso-
infiltration of PSTVd-infected leaves and RNA extraction and ciation with protecting host proteins— in which, as a general
clarification, the mc PSTVd (4) RNA was purified according to  trend, loops were more reactive than double-stranded seg-
a double PAGE approach (see Materials and Methods).’® Such  ments. A closer inspection, however, revealed minor but signifi-
modification ensured that the stops observed during reverse cant differences when this conformation in vivo was compared
transcription occurred in the mc PSTVd (4) RNA. Moreover, with that derived from SHAPE in vitro using NAI and the
to confirm that acylation of this RNA took place in planta and  same 2 primers (Fig. 4). The most significant differences are as
not during the ensuing isolation, we performed an additional follows. First, the structure of loop 6 [CGA(36-38)/GAC(323-
control:** a preparation of ml forms of eggplant latent viroid 325) flanked by cis Watson-Crick G/C and G/U wobble base-
(+) RNA obtained by in vitro transcription®® was incorporated  pairs] mediating trafficking from palisade mesophyll to spongy
immediately after homogenization of the PSTVd-infected tissue  mesophyll,”” and of loop 7 (U43/C318) critical for systemic
infiltrated with NAL Subsequent SHAPE analysis of this exter- trafficking,”® remained essentially unchanged in vitro and in
nally-added RNA control failed to reveal the reactivity observed  vivo. Notably, except A325 and G326, the corresponding
previously in vitro®® (data not shown). We also discarded that nucleotides displayed no SHAPE reactivity, thus indicating that
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Figure 4. In vivo SHAPE analysis corroborates a rod-like conformation for the mc PSTVd (4) RNA. (A) Results obtained with NAI in vivo coupled to computer-assisted pre-
diction using RNAstructure. (B) Results obtained with the same acylating agent in vitro (see Fig. 3B) are included here to facilitate a direct comparison. Other details as in
the legends to Figs. 1 and 3.



1050 A. LOPEZ-CARRASCO AND R. FLORES

these 2 loops fold into compact structures not accessible to the
acylating reagent. Second, some nucleotides of the lower strand
of loop 13 [AACAA(270-275)] forming part of the CCR, were
more reactive in vitro than in vivo, consistent with the idea that
they are somewhat protected under the latter conditions. Third,
on the basis of UV cross-linking studies in vitro®" and in
vivo,**®* nuclease and chemical mapping in solution,”* and
sequence comparison, isostericity matrices and mutagenic anal-
yses,” it has been inferred that a loop E (sarcin/ricin) motif
exists in PSTVd (loop 15). This loop, which also forms part of
the CCR and encompasses 5 core non-Watson-Crick base
pairs®” and a bulged nucleotide (U259 in variant NB),””** has
been involved in transcription/accumulation,”” ligation,*” %
host specificity® and pathogenesis,’® with some of these func-
tions being possibly interdependent. Some nucleotides of the
lower strand of loop E were more reactive in vitro than in vivo,
resembling the situation observed in loop 13 and leading to a
similar inference. However, no difference was detected in the
intervening loop 14 (U267), with this bulged nucleotide show-
ing similar SHAPE reactivity in vitro and in vivo. Fourth, loop
24 containing U201 as predicted in silico (Fig. 1A), is proposed
to form part of a bipartite RNA motif mediating trafficking
from the bundle sheath to mesophyll in young tobacco leaves;™"
this loop is reorganized according to in vitro and in vivo
SHAPE (Fig. 3 and 4), with the critical U201°" now found in an
adjacent and basically non-reactive double-stranded segment.
And fifth, some nucleotides of the lower strand of loop 23
[C150/UCC(206-208)] and loop 26 [C172/UCC(187-189)],
forming part of the VirPl-binding RY-motifs,"® displayed
lower SHAPE reactivity in vitro than in vivo, which might indi-
cate some sort of rearrangement in the physiological context.

Discussion

Recent work has shown that SHAPE chemistry (with NAI) per-
mits structural probing of RNAs of Arabidopsis thaliana,**
extending to the plant kingdom previous studies in bacteria,
yeast, fly and mammalian cells.*> Moreover, among the RNAs
of A. thaliana examined is the U12 small nuclear RNA,** indi-
cating that NAI can gain access not only to the cytoplasm but
also to organelles —like the nucleus— surrounded by a mem-
brane. This finding is important for the present study because
most viroids, including PSTVd, have a nuclear replication and
accumulation.

Due to their peculiar properties, viroids must express their
associated phenotype without resorting to protein intermedia-
tion, mostly relying on sequence/structural motifs embedded in
the genomic RNA. Therefore, to dissect finely the conformation
of this RNA in vivo is of crucial importance but, unfortunately,
no viroid has been reported to infect A. thaliana.”® To address
such issue we have selected the system PSTVd/N. benthamiana
because this viroid was the first identified and sequenced,"”™”
and because the available data about its physical and biological
properties exceeds by far those on any other viroid. And N.
benthamiana because it is an experimental host in which
PSTVd accumulates to a relatively high titer,”">* and because
this virological model plant is very convenient for infiltration
studies, particularly with Agrobacterium tumefaciens;”” hence,

we presumed an easy and quick penetration of NAI, the acylat-
ing reagent commonly used for in vivo SHAPE.

But first we re-examined the structure of minimal free
energy predicted for the mc PSTVd (4) RNA (NB variant) by 3
softwares, which generated an almost identical rod-like confor-
mation similar to that proposed previously for this>"** and
other PSTVd variants including the intermediate and that from
dahlia.!”*®* On the other hand, non-denaturing PAGE of the
mc PSTVd (4) RNA from NB variant showed a predominant
band consistent with a single major folding amenable to in vitro
SHAPE, which indeed provided a well-resolved and essentially
coincidental structure with 2 acylating reagents (NMIA and
NAI). Moreover, this conformation is similar to that obtained
previously for the PSTVd intermediate and dahlia variants by
in vitro SHAPE with benzoyl cyanide (BzCN) (Fig. $2).2627 The
small differences observed could arise from using in the in vitro
SHAPE analyses distinct PSTVd variants and forms (mc and ml),
acylating agents (NMIA and NAI on the one side, and BzCN on
the other) and folding conditions. In any case, a key point in the
present study is the use of the same acylating reagent (NAI) for
the in vitro and in vivo SHAPE of the same variant (NB), making
the corresponding results directly comparable.

Globally, the rod-like conformation adopted by the mc
PSTVd (4+) RNA in vivo resembles that predicted in silico and
inferred in vitro in a protein-free milieu, thus showing that it is
not covered by tightly-associated host protein(s) mimicking the
protecting role of coat proteins in viruses (although we cannot
exclude the existence of loose RNA-protein interactions or of
proteins interacting with double-stranded RNA motifs, which
may be undetectable by SHAPE). In other words, our finding
affords the first direct evidence supporting the long-held
tenet'>°® that such RNA is essentially “naked” in its major sub-
cellular habitat, the nucleolus,*””® wherein a significant fraction
of the accumulating mc PSTVd (4+) RNA may function as a res-
ervoir or storage molecule.'"”! During replication, synthesis of
(+) and (—) strands of PSTVd and closely-related viroids
occurs in the nucleoplasm,” catalyzed by RNA polymerase
II’*7% in association with transcription factor ITIA.”*”” Subse-
quent processing of oligomeric (+) strands most likely takes
place in the nucleolus:>** cleavage directed by the upper CCR
strand and catalyzed by a class III RNase, and ligation directed
by both CCR strands —particularly by loop E (loop 15) possi-
bly assisted by proximal loops 13 and 14— and catalyzed by
DNA ligase 1.** Loop E, conserved in the rod-like conforma-
tion of all members of the genus Pospiviroid to which PSTVd
belongs, positions the termini to be joined in close proximity
and proper orientation.”””® Being ligation the last step of the
replication cycle, DNA ligase 1 —or some auxiliary factor—
might remain attached to its substrate, thus accounting for the
differences observed in loop 13 and loop E between in vitro and
in vivo SHAPE; other explanations, however, cannot be ruled
out.

In summary, we provide direct evidence at single-nucleotide
resolution that the mc PSTVd (4) RNA indeed adopts a rod-
like conformation in vivo. However, within this peculiar con-
formation, some nucleotides forming part of key functional
motifs, e.g. loop E, are more SHAPE-reactive in vitro than in
vivo, suggesting that they may locally interact with host pro-
teins and through them exert their physiological role. On the



other hand, being a “naked” RNA, the mc PSTVd (+) RNA
must have evolved to become resistant to degradation through
an RNA-based rather than through a protein-based strategy:
the lack of free termini in the rod-like conformation makes it
resistant against exonucleases, while its compact folding —to a
large extent stabilized by double-stranded segments— plays a
similar role against endonucleases acting upon either single-
stranded regions (like most RNases), or double-stranded seg-
ments above a certain length (like the Dicer-like enzymes
involved in RNA silencing). The loops, besides limiting that
length and providing additional stability, would mediate several
key roles including replication and trafficking. Consistent with
the intrinsic resistance of the mc PSTVd (4) RNA, the subge-
nomic viroid RNAs characterized in some PSTVd-infected
hosts do not seem to result from cleavage of this form but of
replication intermediates.”’ It will be interesting to extend the
approach developed here to additional viroid/host combina-
tions, although limitations posed by the low viroid accumula-
tion and/or penetration of the acylating reagent will have to be
previously overcome.

Materials and methods

Extraction, purification and analysis of
the mc PSTVd (+) RNA

Total nucleic acids from young leaves of PSTVd-infected N.
benthamiana were extracted with phenol-saturated buffer’
and then fractionated on non-ionic cellulose (CF11; Whatman)
with STE (50 mM Tris-HCI, pH 7.2, 100 mM NaCl, 1 mM
EDTA) containing 35% ethanol. The viroid-enriched prepara-
tions were treated with methoxyethanol for removing polysac-
charides.*® Following PAGE in a 5% gel under non-denaturing
conditions with 1X TAE (Tris-Acetate-EDTA), a segment
delimited by the DNA markers of 300 and 400 bp was cut,
applied on top of a single-well 5% polyacrylamide gel, and elec-
trophoresed under denaturing conditions with 0.25X TBE
(Tris-Borate-EDTA) and 8 M urea. The second gel was stained
with ethidium bromide and the band of interest, identified with
appropriate markers, was excised and the corresponding mc
PSTVd (+) RNA eluted overnight with 10 mM Tris-HCI, pH
7.5 containing 1 mM EDTA and 0.1% SDS, and recovered by
ethanol precipitation. This RNA, after being treated as indi-
cated in Results, was examined by non-denaturing PAGE.

Thermodynamics-based prediction of RNA structure

The structures of minimal free energy for the mc PSTVd (+)
RNA were determined with 3 softwares: Mfold version 4.7%'
and RNAfold included in the ViennaRNA package version
2.2.5°* using the circular version and default parameters, and
RNAstructure version 5.8 (Shapeknots),*>° using the default
parameters and beginning the sequence of the linear RNA at
position 1.

In vitro SHAPE

The substrate for this analysis was the mc PSTVd (+) RNA
purified from infected N. benthamiana. SHAPE in vitro with
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N-methylisatoic anhydride (NMIA) was performed essentially
as reported.”” The RNA (3 pmol) was heated at 95°C for 2 min,
put on ice for 15 min, and renatured at 37°C for 5 min in the
folding buffer (100 mM HEPES-NaOH pH 8.0, 100 mM NaCl,
6 mM MgCl,). Acylation started by adding NMIA (6 mM in
dimethyl-sulfoxide), while only dimethyl-sulfoxide was incor-
porated to the control reaction. To generate the 2’-O-adducts,
reaction mixtures were incubated at 37°C for 15 min and ended
by adding 3 volumes of ethanol. The RNA was recovered by
centrifugation, washed 3 times with 70% ethanol, and subjected
to primer extension. SHAPE in vitro with 2-methylnicotinic
acid imidazolide (NAI, 50 mM in dimethyl-sulfoxide) was per-
formed similarly, with NAI being synthesized as reported pre-
viously.* The data obtained were coupled to computer-assisted
prediction.*

VIC-labeled fluorescent DNA primers (Applied Biosystems)
RF-1242 (5-AAACCCTGTTTCGGCGGGAATTAC-3’) and
RF-1367 (5-GGAGGTCAGGTGTGAACCACAGG-3’), com-
plementary to positions 156-179 and 20-42, respectively, were
purified by denaturing PAGE in 20% gels. After adding 4 pmol
of the primer, the RNAs with and without the acylating reagent
were heated to 95°C for 2 min and snap-cooled on ice for
15 min. Extensions were performed at 52°C for 1 h (in a 20 ul
reaction volume) with 100 U SuperScript III RT (Invitrogen)
and 0.5 mM dNTPs in the buffer reccommended by the supplier.
Sequencing reactions used to identify the peaks were prepared
in a similar way but adding 10 mM of ddGTP to the primer
extension mix and using the same primers, tagged with the
NED fluorophore, and non-modified RNA. The resulting
c¢DNAs were ethanol-precipitated, recovered by centrifugation,
washed 3 times with 70% ethanol, resuspended in deionized
formamide and resolved by capillary electrophoresis in an ABI
3130 XL Genetic Analyzer (Applied Biosystems) as previously
described.”® Electrophoregrams were analyzed using the QuSh-
ape software,” which also normalized the reactivity data. At
least 4 in vitro SHAPE replicas were performed with each
primer and acylating reagent, and the mean and standard devi-
ation of the reactivity of each nucleotide was calculated.

In vivo SHAPE

Young leaves (15 g) of PSTVd-infected N. benthamiana were
mixed with 200 ml of the reaction buffer (40 mM HEPES-
NaOH pH 7.5, 100 mM KCI, 0.5 mM MgCl,) and gently
shaken for 5 min. In planta acylation was performed by adding
NAI (100 mM in dimethylsulfoxide and just dimethylsulfoxide
to the control reaction) and shaking the mixture at room tem-
perature for 15 min. After adding B-mercaptoethanol
(500 mM) and shaking for another 10 min to stop the reaction,
the leaves were drained and washed 4 times with water
(250 ml). Extraction, purification, and primer-extension of the
mc PSTVd (+) RNA was as with in vitro SHAPE. At least 3 in
vivo SHAPE replicas were performed with each primer, and the
mean and standard deviation of the reactivity of each nucleo-
tide was calculated.
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