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ABSTRACT

Eggplant latent viroid (ELVd), like other members of family Avsunviroidae, replicates in plastids
through a symmetric rolling-circle mechanism in which elongation of RNA strands is most likely
catalyzed by a nuclear-encoded polymerase (NEP) translocated to plastids. Here we have addressed
where NEP initiates transcription of viroid strands. Because this step is presumably directed by
sequence/structural motifs, we have previously determined the conformation of the monomeric
linear (+) and (—) RNAs of ELVd resulting from hammerhead-mediated self-cleavage. In silico
predictions with 3 softwares led to similar bifurcated conformations for both ELVd strands. In vitro
examination by non-denaturing PAGE showed that they migrate as prominent single bands, with
the ELVd (+) RNA displaying a more compact conformation as revealed by its faster electrophoretic
mobility. In vitro SHAPE analysis corroborated the ELVd conformations derived from
thermodynamics-based predictions in silico. Moreover, sequence analysis of 94 full-length natural
ELVd variants disclosed co-variations, and mutations converting canonical into wobble pairs or vice
versa, which confirmed in vivo most of the stems predicted in silico and in vitro, and additionally
helped to introduce minor structural refinements. Therefore, results from the 3 experimental
approaches were essentially consistent among themselves. Application to RNA preparations from
ELVd-infected tissue of RNA ligase-mediated rapid amplification of cDNA ends, combined with
pretreatments to modify the 5" ends of viroid strands, mapped the transcription initiation sites of
ELVd (+) and (—) strands in vivo at different sequence/structural motifs, in contrast with the
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situation previously observed in 2 other members of the family Avsunviroidae.

Abbreviations: ASBVd, avocado sunblotch viroid; PLMVd, peach latent mosaic viroid; CChMVd, chrysanthe-
mum chlorotic mottle viroid; ELVd, eggplant latent viroid; PAGE, polyacrylamide gel electrophoresis; SHAPE,

selective 2'-hydroxyl acylation analyzed by primer extension

Introduction

Having just a circular RNA genome of minimal size (ca.
250-400 nt) without protein coding ability, viroids rely
exclusively on sequence and structural motifs for being
recognized, replicated and spread in their host plants, as
well as for circumventing the defensive response they
mount.'® These sequence and structural motifs are
embedded in compact secondary structures —adopted
by viroid genomes as a consequence of their extensive
self-complementarity— in which double-stranded seg-
ments are flanked by seemingly disordered loops.”*
Therefore, determining the structure of viroid genomic
RNAs is important for getting insights into how they
may determine function. This aim was pursued since the
very beginning with potato spindle viroid (PSTVd), the

first viroid discovered’ and sequenced (by direct RNA
sequencing).'® Searching the conformation with maximal
base-pairing, and in vitro probing with RNases and bisul-
phite resulted in a rod-like secondary structure for
PSTVd RNA,'>!! in consonance with thermodynamics-
based predictions'>'” and electron microscopy observa-
tions.">'* The rod-like secondary structure proposed for
PSTVd appears characteristic, although with some
exception,'>'® of members of the family Pospiviroidae,
which as additional features show replication in the
nucleus through an asymmetric rolling-circle mechanism
without hammerhead ribozymes."” However, the rod-
like structure is the exception rather than the rule in the
family Avsunviroidae, which clusters viroids replicating
in plastids through a symmetric rolling-circle

CONTACT Ricardo Flores @ rflores@ibmcp.upv.es; Sonia Delgado @sondel@upvnet.upv.es
@ Supplemental materials data for this article can be accessed on the publisher’s website.

© 2016 Taylor & Francis Group, LLC


http://dx.doi.org/10.1080/15476286.2015.1119365
http://dx.doi.org/10.1080/15476286.2015.1119365

84 A. LOPEZ. CARRASCO ET AL.

mechanism mediated by hammerhead ribozymes.'® Par-
ticularly notorious are peach latent mosaic viroid
(PLMVd)* and chrysanthemum chlorotic mottle viroid
(CChMVd),? for which multibranched most-stable con-
formations were predicted, and eggplant latent viroid
(ELVd), with a predicted secondary structure containing
2 bifurcations.*'

Examination of viroid RNA structure can be tackled
essentially with 3 approaches. First, in silico, with algo-
rithms searching for the secondary structures of minimal
free energy,”>”> a relatively simple methodology that
provides a first candidate structure(s). Second, in vitro,
by probing in solution with RNases and bisulphite'**®
and, more recently, by selective 2’-hydroxyl acylation
analyzed by primer extension (SHAPE), which interrog-
ates local backbone RNA flexibility at single-nucleotide
resolution””** and facilitates coupling the data to com-
puter-assisted prediction.”® And, third, in vivo, by look-
ing for sequence heterogeneity in natural variants of the
same or homologous RNAs, particularly for co-varia-
tions that preserve double-stranded stems,”"*'** or sub-
stitutions that do not alter the shape of loops according
to isostericity matrices that predict recurrent 3-dimen-
sional motifs more conserved in structure (the spatial
arrangement their nucleotides adopt) than in
sequence.”>*® When sufficient natural variability is avail-
able —as it happens in the family Avsunviroidae due to
an extremely high mutation rate—>" the in vivo
approaches are amenable and serve to validate or refine
candidate structures obtained by the other 2 approaches,
or even to propose new ones. For instance, PLMVd vari-
ability supports the existence of 2 alternative structures
involving nucleotides from the so-called hammerhead
arm of the (+) strand, one extended and the other cruci-
form;*?® and subsequent SHAPE probing is consistent
with these structures.® On the other hand, co-variations
between sequence variants of the same viroid*® and
between different viroids support the conservation of the
metastable motifs hairpin I within the family Pospiviroi-
dae,*"** and hairpin II within the genus Pospiviroid.*’
These 2 motifs, initially described in thermal denatur-
ation analyses,13 have been associated with important
functional roles.*>***°

One aspect on which viroid structure most likely plays
a critical role is in transcription. This first replication
step is catalyzed in the family Avsunviroidae by a
nuclear-encoded RNA polymerase (NEP) translocated
into chloroplasts.*”** There is evidence for 2 members of
this family indicating that NEP starts transcription at
specific sites located in: i) (A4U)-rich terminal loops in
the rod-like secondary structure adopted by both polarity
strands of avocado sunblotch viroid (ASBVd),* and ii)
short double-stranded RNA stems in both polarity

strands of PLMVd that also include the hammerhead
self-cleavage sites.’>”' These results exemplify that 2 dis-
tinct sequence/structural motifs may have similar func-
tional roles, as well as that one single motif may act in
more than one function (initiation and self-cleavage of
PLMVd RNAs). Moreover, because RNA folding occurs
during transcription,52 the initiation sites of nascent
viroid strands may affect the adoption of transient, albeit
functionally relevant metastable structures, like the ham-
merhead structures,>® hairpins I and " and tertiary
loop-loop interactions.”>>* There is evidence indicating
that, at least in vitro, this is indeed the case with some of
these metastable structures.”*

Here we have determined the initiation sites of the
ELVd (+) RNA (by convention the strand accumulating
to higher levels in infected tissue) and of its complemen-
tary (—) counterpart. Examination of where these sites
map in the secondary structure of ELVd (+) and (—)
RNAs obtained by a combination of in silico, in vitro and
in vivo approaches, has revealed that they are neither
within nor flanked by conserved sequence/structural
motifs, thus showing the versatility of eggplant NEP (or
some associated transcription factor) in template binding
and subsequent transcription initiation.

Results

In silico predictions lead predominantly to similar
bifurcated conformations for ELVd () and (—)
strands

In the first report on the molecular properties of ELVd,
application of the Mfold software for RNA folding™ to
the (+) strand of 4 representative variants of this viroid
generated a quasi-rod-like conformation with 68-70% of
the residues paired —including those corresponding to
the hammerhead ribozymes of both polarities that
appear faced each other in the central domain— and
bifurcations at both terminal domains.>! Moreover,
within a 10% interval of minimal free energy, none of
the predicted secondary structures were of the rod-like
class typical of the family Pospiviroidae.”’ Re-examina-
tion of this question with a more recent version of the
software® resulted in the same conformation (Fig. 1A,
structure 14), plus 3 other less stable structures with
slightly different right terminal bifurcations, while 2
alternative softwares, RNAfold** and RNAstructure,”
produced the most stable structure of Mfold or/and 2
other conformations with minor modifications also
affecting the right terminal bifurcation (Fig. 1A, struc-
tures 2+ and 3+). Regarding the ELVd (—) strand, the 3
softwares predicted a bifurcated conformation for the
reference variant ELVd-2*! mimicking that of the (4)
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Figure 1. Conformations of minimum free energy predicted for both strands of ELVd (reference variant). (A) Structure 14 generated for
ELVd (4) RNA by the Mfold and RNAstructure softwares for RNA folding. RNAstructure and RNAfold additionally produced structures 2+
and 3+ with minor modifications affecting the right terminal bifurcation (insets). (B) Structure 2- generated for ELVd (—) RNA by the 3
softwares. RNAstructure additionally produced structure 1- with a small cruciform motif in the central domain. Sequences forming the
hammerhead structures are delimited by flags, motifs conserved in natural hammerhead structures are denoted by bars, and self-cleav-
age sites are marked by arrows. Solid and open symbols refer to plus and minus polarities, respectively. The same numbers are used for

both polarities.

strand (Fig. 1B, structure 2-), with RNAstructure addi-
tionally predicting a slightly more stable conformation
with a small cruciform motif in the central domain
(Fig. 1B, structure 1-). Besides these 2 most stable struc-
tures, Mfold and RNAstructure generated variations
thereof with small differences.

In summary, thermodynamics-based predictions
were consistent among the 3 approaches, leading to
similar bifurcated conformations (or variations
thereof) for both ELVd strands.

Non-denaturing PAGE shows differences between
the secondary structures adopted in vitro by ELVd
(+) and (—) RNAs

Next we examined if, despite the close similarity of the
bifurcated conformations predicted in silico for both
ELVd strands, a physical distinction between them could
be established in vitro. To this end, the monomeric linear
(+) and (—) forms of ELVd resulting from hammer-
head-mediated self-cleavage in vitro of their
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corresponding dimeric transcripts were analyzed by non-
denaturing PAGE. Prior to electrophoresis, 2 aliquots of
each gel-eluted RNAs were heated at 98°C for 2 min and
either snap-cooled on ice or gradually-cooled at 25°C
along 15 min, with a third aliquot remaining untreated
serving as control. Three other aliquots of the 2 gel-
eluted RNAs were treated similarly, but in the presence
of 5mM Mg”". The treatments did not affect the electro-
phoretic mobility of ELVd RNAs, although the presence
of Mg*" led to an attenuation of the signal of those sam-
ples heated at 98°C, most likely resulting from RNA deg-
radation catalyzed by this cation (Fig. 2A). Two
additional observations are worthy of note: i) both ELVd
strands migrated as prominent single bands accompa-
nied by close satellite bands of much lower intensity, and
ii) compared with the size markers, the ELVd (4+) RNA
displayed faster mobility than its (—) counterpart. This
latter observation was confirmed by co-electrophoresis
of mixed aliquots applied to the same well in the pres-
ence and absence of Mngr (Fig. 2B).

Altogether these results indicated that each ELVd
strand adopts one dominant conformation (or a set of
closely-related conformations not separable individually
by PAGE), with that of the (+) strand being compara-
tively more compact. The lack of detectable Mg*" effects
does not support the existence of tertiary interactions
like the kissing loops present in PLMVd and CChMVd
(see below). Moreover, in contrast with these 2 viroid
RNAs that are insoluble in 2 M LiCl as a likely conse-
quence of their multibranched conformations,® ELVd
(+) and (—) RNAs were soluble under these high-salt
conditions (data not shown), thus suggesting that they
fold into less complex structures.

SHAPE analysis coupled to computer-assisted
prediction corroborates the ELVd conformations
derived from in silico approaches

The finding that each ELVd strand folds in vitro into
dominant conformations made feasible their finer dissec-
tion at the nucleotide level with SHAPE (using NMIA)
coupled to computer-assisted prediction.’® The obtained
resolution allowed determination of SHAPE reactivity of
most positions (Fig. S1). The conformation of minimal
free energy derived in vitro for the ELVd (+) RNA was
consistent, with minor rearrangements, with that pre-
dicted in silico initially”’ and in the present work
(Fig. 1A, structure 1+4): a central domain, resulting from
base-pairing of the residues forming the hammerhead
ribozymes of both polarities, flanked by bifurcations at
both terminal domains (Fig. 3A). On the other hand, the
conformations obtained in vitro for the ELVd (—) RNA
were also consistent to a very good extent with those

predicted in silico (Fig. 1A, structure 1- and 3-): a sec-
ondary structure resembling that of the (+) strand but
with a small cruciform motif in the central domain (only
partially supported because some positions correspond
to the primer binding site), and a rearranged left termi-
nal domain for accommodating the high SHAPE reactiv-
ity detected for nucleotides around position 280
(Fig. 3B). When this reactivity was not computed con-
sidering the compensatory mutations detected in vivo
(see below), the conformation adopted was that with a

A ELVd (+)

5 mM Mg?*
nT Gradual  Snap NT

Gradual  Snap

cooling cooling cooling cooling
400 bp
300 bp
1 2 3 4 5 6 7
ELVd (-)
5 mM Mg?*
Gradual  Snap Gradual Snap
M cooling cooling NT  cooling cooling NT

400 bp

300 bp

400 bp

Figure 2. The monomeric linear (+) and (—) RNAs of ELVd dis-
play a different mobility in non-denaturing PAGE. (A) Before elec-
trophoresis, aliquots of the gel-eluted ELVd (+) and (—) forms
(upper and lower panels, respectively) were heated at 98°C for
2 min and gradually-cooled at 35°C along 15 min (lane 2), snap-
cooled on ice (lane 3), or applied directly with no thermal treat-
ment (NT) (lane 4). Three other aliquots of the same RNAs were
processed similarly, but in the presence of 5 mM Mg (lanes 5, 6
and 7, respectively). (B) Aliquots of untreated ELVd (+) and (—)
RNAs were applied individually (lanes 2 and 4, respectively) or
concurrently (lane 3). Three other aliquots of the same RNAs
were processed similarly, but in the presence of 5 mM Mg*"
(lanes 5, 6 and 7, respectively). M refers to DNA markers with
their size (in base pairs) indicated on the left (lanes 1). Gels were
stained with ethidium bromide and are shown in the inverted
option to facilitate visualization.
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Figure 3. SHAPE analysis results in ELVd conformations with a central domain, wherein most of the nucleotides that can potentially form
the hammerheads are base-paired, flanked by terminal domains with bifurcations. (A) ELVd (+) RNA folding in vitro shows minor differ-
ences in some loops with respect to one of the structures predicted in silico. (B) ELVd (—) RNA folding in vitro is also consistent with the
structures predicted in silico, including 2 variations with a cruciform motif in the central domain and a rearrangement in one of the
arms forming the left terminal bifurcation. 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. Nucleotides in gray, for which the SHAPE-reactivity could not be determined, correspond
to the primer binding region and adjacent positions, and to blurry positions. Other details as in the legend to Fig. 1.

simple left terminal bifurcation (Fig. 3B). Again, no ele-
ments of tertiary structure were apparent.

The natural variability found in ELVd supports that
both strands adopt in vivo conformations very
similar to those proposed by in silico and in vitro
approaches

There are several reasons explaining why in vitro-derived
RNA conformations may not reflect the situation existing in
vivo, chief among which is that RNAs interact with proteins
in their natural habitat (see Discussion). To overcome this
limitation, we examined the natural variability of 100 ELVd
full-length progeny variants from the parental variant

ELVd-2*' obtained by RT-PCR amplification (50 with a pair
of adjacent primers and 50 with another pair in order to
cover the complete molecule), cloning and sequencing
(Table 1). First, we search for co-variations or compensatory
mutations (converting canonical into wobble pairs or vice
versa) preserving the stems predicted by the in silico and in
vitro approaches. Regarding the ELVd (4) strand, the con-
formation with a central domain flanked by 2 bifurcations at
both terminal domains (Fig. 1A and 3A, structure 1+), is
strongly supported because of the presence of co-variations
and compensatory mutations in most of the stems that do
not disrupt their base-pairing (Fig. 4A) (Table S1). The vari-
ability found in the 10 original variants®" support also the
same conformation. Thus, this is a good example of
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Table 1 Primers for RT-PCR amplification, SHAPE and RLM-RACE.

ELVd-specific primers

Use

(and polarity?®) Sequence (5'— 3') Positions®

RF-1024 (c) TATGGGGAGAGGTCGTC 333-317 SHAPE (+) and 5’-RACE (RT)

RF-701 (c) AGAGGTCGTCCTCTATCT 326-298 5-RACE (+) (PCR)
CTCCTGGAAGG

RF-1070 (c) GAGCAATCCTTTTGAGG 294-271 5’-RACE (+) (nested PCR)
TACACCC

RF-975 (h) GGGTGGGTGTACCTCTT 267-293 SHAPE (—) and 5’-RACE (RT)
TTGGATTGCT

RF-1071 (h) CCTTCCAGGAGAGATAG 298-326 5-RACE () (PCR)
AGGACGACCTCT

RF-1313 (h) GGGTGGTGTGTGCCACC 1-20 5’-RACE (—) (nested PCR)
ccT

RF-1331 (h) GACGGTGGGTTCGTCGA 198-218 SHAPE (—)
CACC

RF-676 (h) CCTTWAAWCGTTCCTCC 86-105 RT-PCR (—) (Progeny)
AAG

RF-677 (c) WCGAATCCTCCGAATTTA 85-68 PCR (+) (Progeny)

RF-1299 (h) GAGGACGACCTCTCCCCA 314-333 RT-PCR (—) (Progeny)
TA

RF-1298 (c) TATCTCTCCTGGAAGRCC 313-294 PCR (+) (Progeny)
GG

Adaptors and adaptor- Sequence (5'— 3') Positions Use

specific primers

Adaptor A CGACUGGAGCACGAGGA
CACUGACAUGGACUG
AAGGAGUAGAAA

RF-553 (h) TGGAGCACGAGGACACTG 5-27 5"-RACE (+) (PCR)
ACATG

RF-554 (h) GACACTGACATGGACTGAA 16-41 5’-RACE (+) (nested PCR)
GGAGTAG

Adaptor B CUCAAAAGUUUCGCCGUA
UCUCAACGGCUCAUCA
GUGGGCUUAGCCCAGA
CUUUUGAGAGAAGUGG
CG

RF-37 (h) CGGCCTCATCAGTGGGCTT 25-44 5"-RACE (—) (PCR)
AG

RF-1086 (h) CCCAGACTTTTGAGAGAA 45-63 5’-RACE (—) (nested PCR)
G

h, homologous; ¢, complementary
PNumbering refers to plus polarity

coherence among results generated by the 3 experimental
approaches.

What about the ELVd (—) strand for which 2 structures
were derived from in silico and in vitro analyses (Fig. 1A and
Fig. 3B)? On the one hand the conformation with the small
cruciform motif in the central domain appears favored,
because the upper hairpin stem of this motif is supported by
the co-variation A-U— C-G (positions 183 and 194) in 35
variants, and by the substitution A— G (position 186) con-
verting a canonical into a wobble pair in 6 variants (Fig. 4B)
(Table S2). On the other hand the bifurcated, rather than the
multibranched structure of the left terminal domain, is sup-
ported by: i) 3 consecutive substitutions C—U (positions
204, 205 and 206) in 35, 20 and 35 variants, respectively, con-
verting canonical into wobble pairs, and ii) 2 substitutions
U— Cand A— G (positions 311 and 312) in 2 of the original
variants,?! converting a wobble into a canonical pair and vice
versa, respectively (Fig. 4B) (Table S2). Overall, these results
bolster the adoption by ELVd (4-) and (—) strands of slightly
different foldings in vivo, which could also be adopted in

vitro, thus explaining the different mobility displayed by
both RNAs in non-denaturing PAGE (Fig. 2). The in vivo
conformations of ELVd (+) and (—) strands are those favor-
ing ligation, and not self-cleavage, because the nucleotides
potentially forming the hammerhead structures are involved
in alternative catalytically-inactive foldings.”>*® As expected,
the nucleotides forming the catalytic core of the hammer-
head structures are conserved as well as the base-pairing of
the flanking stems (Fig. S2).

The transcription initiation site of ELVd (+) strands
maps at an internal loop of a hairpin

Once reliably determined the in vivo conformations of
the 2 ELVd strands, we then moved to map their
transcription initiation sites. We first began with that
of (+) strands, the most abundant in vivo, using the
approach developed previously to address a similar
issue in PLMVd.”® In brief, this RLM-RACE approach
is a derivation of a previous one set up for mapping
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Figure 4. The natural sequence heterogeneity is consistent with the conformations adopted by ELVd strands in vivo being very similar to
those proposed in silico and in vitro. (A) Co-variations and mutations resulting in conversion of canonical into wobble pairs or vice versa
do not disrupt base-pairing in most of the stems of ELVd (+) RNA folding. (B) For similar reasons, the conformation with the cruciform
motif in the central domain and an unbranched lower arm in the terminal left bifurcation appear favored in ELVd (—) RNA folding.
Mutation frequencies detected in the ELVd variants sequenced are denoted with different color: red (in more than 30 variants), blue (in
20-30 variants), green (in 10-20 variants), yellow (in 5-10 variants) and black (in 2 of the original variants).2! The schemes representing
ELVd (+) and (—) conformations are derived from those obtained by SHAPE analyses. Other details as in the legend to Fig. 1.

the genuine 5" termini of eukaryotic mRNAs, which
are capped.””® Because, there is evidence indicating
that ELVd accumulates® (our unpublished in situ
hybridization data) and most likely replicates in
chloroplasts, wherein capping does not occur, we
assumed that the primary ELVd transcripts, like other
chloroplastic RNA transcripts, should be characteristi-
cally tagged by a 5'-triphosphorylated group. Only
RNAs with such a group are specifically capped in
vitro with guanylyltransferase and GTP, while other
RNAs with 5'-monophosphorylated or -hydroxylated
groups are not.°>®' After in vitro capping, ensuing

treatment with calf intestinal phosphatase (CIP)
removes the 5'-monophosphorylated groups, thus hin-
dering ligation of these RNAs to an RNA adaptor.
Subsequent digestion with tobacco acid pyrophospha-
tase (TAP) removes the cap structure of the genuine
5" termini, leaving a free 5'-monophosphorylated
group suitable for ligation to the RNA adaptor with
T4-RNA ligase. Following reverse transcription of the
resulting product with a viroid-specific primer, the
cDNA obtained was amplified by nested PCR (with
primers specific for the viroid and the RNA adaptor),
cloned, and sequenced (Fig. 5A).
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This methodology led to consistent results. First of all,
when applied to an artificial mixture —made up of 10 ng
of an in vitro ELVd (4) transcript with a known 5'-tri-
phosphorylated end, combined with an excess of a
nucleic acid preparation from mock-inoculated egg-

RNA template was omitted (Fig. 5B, lane 7). Application
of this approach to RNA preparations from mock-inocu-
lated and ELVd-infected eggplants produced a promi-
nent RT-PCR amplicon of approximately 200 bp only in
the last case (Fig. 5B, compare lanes 5 and 6). Cloning

and sequencing of the amplified product characteristic of
the ELVd-infected preparations identified position U138
as the transcription initiation site of ELVd (+4) strands,
located in an asymmetric loop forming part of a hairpin
(Fig. 5D). This result was further confirmed using,
instead of RNA preparations from ELVd-infected leaves,
the ELVd monomeric linear forms and an ELVd

plants— cloning and sequencing of the resulting RT-
PCR product of about 114 bp corroborated the expected
terminus (Fig. 5B, lane 2). Two control reaction mix-
tures, wherein the treatments with guanylyltransferase or
the addition of the RNA adaptor were omitted, failed to
generate the same RT-PCR product (Fig. 5B, lanes 3 and
4, respectively), as also failed a third control in which the
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Figure 5. Identification of the transcription initiation sites of ELVd strands. (A) Scheme of the 2 RLM-RACE approaches used to exclu-
sively amplify RNAs with a 5'-triphosphorylated end. (B) Non-denaturing PAGE of the RT-PCR products resulting from applying in vitro
capping and RLM-RACE to ELVd (+) strands. Lane 1, ladder of 100-bp DNA multimers. Lane 2, artificial reaction mixture containing an in
vitro ELVd (+) transcript starting at position 210 combined with excesses of a CF11-fractionated RNA preparation from mock-inoculated
eggplant. Lanes 3 and 4, reaction mixtures in which in vitro capping and addition of the RNA adaptor were omitted, respectively. Lanes
5 and 6, RNA preparations from mock-inoculated and ELVd-infected eggplant, respectively. Lane 7, reaction mixture in which the RNA
template was omitted. Gel was stained with ethidium bromide. (C) Non-denaturing PAGE of the RT-PCR products resulting from apply-
ing RLM-RACE to ELVd (—) strands after their pretreatment with Terminator™ exonuclease and Polyphosphatase™. Lane 1, ladder of
100-bp DNA multimers. Lane 2, artificial reaction mixture containing an in vitro ELVd (—) transcript starting at position 113 combined
with excesses of a CF11-fractionated RNA preparation from mock-inoculated eggplant. Lanes 3 and 4, reaction mixtures in which the
treatment order with Terminator™ and Polyphosphatase™ was reversed, or the addition of the RNA adaptor was omitted, respectively.
Lanes 5 and 6, RNA preparations from mock-inoculated and ELVd-infected eggplant, respectively. Lane 7, reaction mixture in which the
RNA template was omitted. Gel was stained with ethidium bromide. (D) Arrowheads indicate the transcription initiation sites in the pro-
posed in vivo conformations of ELVd (4) and (—) RNAs (upper and lower panels, respectively). Other details as in the legends to Figs. 1

and 2.



subgenomic RNA of approximately 200 nt purified from
these preparations. Application of RLM-RACE, cloning
and sequencing resulted in the same site, and primer-
extension experiments revealed a population of mole-
cules with their 5'-end mapping at position U138 (data
not shown). However, the substitutions U138—A or
U138—C were detected in some of the full-length
sequenced variants and the first one also in some RLM-
RACE clones, thus indicating that the nucleotide at this
position is not strictly conserved.

The transcription initiation site of ELVd (—) strands
maps at a structural motif different from that of
their (+) counterparts

Next we extended the same RLM-RACE methodology
to the ELVd (—) strands but the results obtained were
erratic, possibly due to the lower accumulation of these
strands. Therefore, we modified the methodology
substituting the in vitro capping and subsequent treat-
ments with CIP and TAP, by 2 consecutive digestions
with: i) Terminator™ exonuclease, which degrades
RNAs with a 5 monophosphorylated group, and ii)
Polyphosphatase™, which transforms a 5 triphos-
phorylated group into a 5 monophosphorylated group
(Fig. 5A). When first tested with an artificial control
—consisting of 10 ng of an in vitro ELVd (—) transcript
with a known 5'-triphosphorylated end mixed with an
excess of a nucleic acid preparation from mock-inocu-
lated eggplants— this approach resulted in an amplifica-
tion product of about 115 bp, the cloning and
sequencing of which confirmed the expected terminus
(Fig. 5C, lane 2). Two control reaction mixtures, in
which the order of treatments with Terminator™ and
Polyphosphatase™ was reversed, or the addition of the
RNA adaptor was omitted, failed to produce the same
RT-PCR amplicon (Fig. 5C, lanes 3 and 4, respectively),
as also failed a third control in which the RNA template
was omitted (Fig. 5C, lane 7). Subsequent application of
this approach to RNA preparations from mock-inocu-
lated and ELVd-infected eggplants produced an RT-
PCR amplicon of approximately 70 bp present only in
the last case (Fig. 5C, compare lanes 5 and 6). The
same RT-PCR product was observed when the RNA
preparation from ELVd-infected eggplant was replaced
by ELVd monomeric linear forms purified from this
preparation (data not shown). Cloning and sequencing
of the amplification product, only generated when using
RNA preparations from ELVd-infected material,
mapped the transcription initiation site of ELVd (—)
strands at position A48 (Fig. 5D). However, some of
the full-length sequenced variants presented the substi-
tution A48— G indicating that, like in the ELVd (+)
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strands, the nucleotide at this position is not strictly
conserved. The transcription initiation site of ELVd (—)
strands does not map at the hairpin equivalent to that
containing the initiation site of ELVd (+) strands, but
at the end of a proximal double-stranded segment adja-
cent to an internal asymmetric loop (Fig. 5D). More-
over, no sequence conservation between the regions
flanking both transcription initiation sites was observed
(Fig. 5D).

Discussion

Initial thermodynamics-based analyses suggested the
presence of terminal bifurcations in the secondary struc-
ture predicted for ELVd (4+) RNA,*' a conformation
lying between the rod-like structure proposed for ASBVd
strands®>®* and the clearly branched structures —stabi-
lized by a kissing-loop interaction— proposed for
PLMVd'®?*** and CChMVd RNAs.****** Because the
predicted secondary structure of ELVd (+) RNA*' does
not contain the same sequence/structural motifs where
the initiation sites of ASBVd and PLMVd RNAs have
been previously mapped,*>' we assumed the existence
of novel ELVd-specific motifs recruiting the NEP or
some associated transcription factor. Before mapping
these sites, we decided to obtain firmer evidence on the
secondary structures proposed for both ELVd RNAs.
First we assessed the structures of minimal free energy
predicted by Mfold with an updated version thereof and
with 2 additional softwares, which corroborated the con-
formation proposed initially for the ELVd (+) strand®!
and suggested a similar conformation for the comple-
mentary strand. Moreover, analyses by non-denaturing
PAGE revealed, irrespective of the denaturing/renaturing
treatments, a predominant band for each polarity strand,
consistent with the adoption of a single major conforma-
tion in each case. Coupling SHAPE data to computer-
assisted prediction resulted in conformations to a good
extent in agreement with those generated by Mfold and
RNAstructure, and to that proposed for the ELVd (+)
RNA by a recent SHAPE analysis®® (with some differen-
ces in the hairpins delimited by positions 119-141 and
259-310). However, with respect to this latter analysis,”’
we detected a cruciform motif in the central domain of
ELVd (—) structure. These differences could result from
the use in the 2 SHAPE analyses of distinct ELVd var-
iants (89% sequence similarity), acylating agents (NMIA
and benzoyl cyanide) and folding conditions. Most
importantly, the existence of our SHAPE-predicted
structures in vivo was validated by the presence in natu-
ral ELVd sequence variants of co-variations and conver-
sions of canonical into wobble base-pairs or vice versa,
thus preserving the internal pairing of most double-
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stranded stems. The more frequently occurrence of co-
variations than the corresponding single mutations,
which are more likely to appear from a statistical view-
point, strongly supports the role of selection in purging
variants non-viable in vivo because of their destabilized
stems. The in vivo conformation is the one that really
matters because, being viroids non-protein-coding
RNAs, they must rely on RNA sequence and structural
motifs for specific interactions with the host proteins
involved in their replication, movement, pathogenesis
and overcoming of the host defensive response.”

This good concordance between the in silico, in vitro
and in vivo structures of ELVd strands, however, should
not be taken for granted a priori. While free-energy min-
imization analyses predict correctly the structure of most
small RNA motifs, they become less precise as the RNA
size increases due to the lack of accurate thermodynamic
parameters for some motifs and higher-order interac-
tions.* On the other hand, leaving aside that SHAPE
analysis interrogates local backbone RNA flexibility in a
protein-free solution —with an ionic composition that in
some cases includes high concentration of Mg™ not
reflecting the physiological habitat— this approach,
despite representing a great step forward in the analysis
of RNA structure in vitro, has intrinsic limitations partly
resulting from the initial thermal denaturation/renatur-
ation applied to RNA.*” As pointed out before,”* a good
deal of RNA biochemistry has been (and still is) done
with renatured RNA, but how likely is that an RNA will
renature into a unique conformation and how likely is it
that this conformation will be the biologically relevant
species remains unknown in most instances. Because of
the high folding free energy of even small RNA hairpins,
non-native states of RNA are often quite stable and pose
a serious kinetic folding problem for RNA that has been
denatured. Even non-denatured in vitro transcripts, fre-
quently used because they are affordable and easy to pre-
pare, may not fold into the physiological conformation.
Moreover, certain RNAs may need a specific binding
protein to maintain its active conformation, which may
differ when this protein is removed. Therefore, it is criti-
cal to have independent genetic or phylogenetic evidence
supporting the biochemical data.’**

Several non-exhaustive examples illustrate the limi-
tations of in vitro approaches for viroids. First, early
studies revealed that, after thermal denaturation, the
PSTVd RNA did not recover its initial conformation
even following slow cooling.” Although more refined
folding conditions were subsequently developed,'’ full
reversibility to the original “native” structure cannot
be always guaranteed. Second, when applied by

independent groups, SHAPE predicted for ASBVd
strands different conformations, rod-like or branched,
and with or without a kissing-loop interaction in that
of (=) polarity.®>*® An third, the SHAPE-derived
structure for the CChMVd (+) RNA® does not agree
with that supported by numerous data obtained with
natural and artificial mutants combined with bioas-
says and progeny analysis, particularly in the region
proximal to one of the loops involved in a kissing-
loop interaction critical for in vitro folding and in
vivo viability.>> A similar kissing-loop interaction in
the PLMVd (4) RNA has been detected by in vitro
analyses (nuclease probing and SHAPE).>**> How-
ever, the secondary structure proposed for the (+)
strand of a viroid-like RNA from grapevine, which
appears also stabilized by a similar kissing-loop inter-
action,”” is not present in the SHAPE-predicted
structure.®

A well-supported secondary structure, as that
reported here for both ELVd strands, is crucial for
searching RNA sequence or structural motifs that
could direct initiation of transcription, which as
indicated above, may influence the structure of
nascent viroid RNAs that start folding co-transcrip-
tionally. Indeed, the co- and post-transcriptional
self-cleavage of both ELVd hammerheads differs in
vitro and possibly in vivo.®® Because the transcrip-
tion initiation sites of the (+) and (—) strands of 2
members of the family Avsunviroidae map at sites
similar in sequence and structure —those of ASBVd
at (A+U)-rich terminal loops in the rod-like second-
ary structure,® and those of PLMVd at short dou-
ble-stranded RNA stems containing also the
hammerhead self-cleavage sites—>*' we anticipated
a sort of similar situation for ELVd (+) and (—) ini-
tiations sites. However, our data indicate that this is
not the case. After checking with appropriate con-
trols the consistency of the RLM-RACE approaches
adapted to eggplant tissues, we identified position
U138 (mapping at an asymmetric loop forming part
of a hairpin) as the transcription initiation site of
ELVd (+) strands, and position A48 (mapping at a
double-stranded segment adjacent to an internal
asymmetric loop) as the transcription initiation site
of ELVd (—) strands. Because no sequence conserva-
tion was found in the regions flanking the 2 sites,
the possibility that initiation of transcription could
be determined by a sequence rather than by struc-
tural motifs appears unlikely. Therefore, we need to
conclude that the eggplant NEP involved (or some
auxiliary transcription factor), is recruited to initiate



transcription of both ELVd strands at sites unrelated
in sequence but sharing some common structural
feature (e.g. mapping at, or adjacent to, asymmetric
internal loops).

Materials and methods
Extraction, fractionation, and analysis of RNA

Total nucleic acids of young leaves from mock-inoculated
and ELVd-infected eggplants (Solanun melongena cv.
‘Redonda morada’) were extracted either with phenol-satu-
rated buffer® or with a method avoiding organic solvents,”
and then partitioned on non-ionic cellulose (CF11; What-
man) with STE (50 mM Tris-HCL, pH 7.2, 100 mM NaCl,
1 mM EDTA) containing 35% ethanol. The preparations
were further clarified by removing polysaccharides with
methoxyethanol.”' RNAs were examined by non-denatur-
ing PAGE in 5% gels with 1X TAE (Tris-acetate-EDTA),
and by denaturing PAGE in 5% gels with 1X TBE (Tris-
borate-EDTA) and 8 M urea.”” For preparative purposes,
following double electrophoresis first in non-denaturing
and then in denaturing conditions,” the second gel was
stained with ethidium bromide and the bands of interest,
identified with appropriate markers, were excised and the
corresponding RNAs eluted.

Computer-assisted prediction of RNA structure

The structures of minimal free energy for the linear (+)
and (—) forms of ELVd were searched with 3 softwares:
Mfold version 3.5, using the circular version and
default parameters, and RNAfold version 2.1.9°* and
RNAstructure version 5.7>° using the default parameters.

SHAPE analysis

The substrates for this analysis were the unit-length self-
cleavage products resulting from in vitro transcription
driven by the T7 or T3 promoters,72 of a recombinant
plasmids containing a dimeric head-to-tail ELVd-cDNA
insert of the reference variant ELVd-2 (GenBank
AJ536613). The resulting monomeric linear (4) and (—)
forms of ELVd were purified by denaturing PAGE and
subsequent elution. SHAPE was performed with N-
methylisatoic ~ anhydride (NMIA) essentially as
reported.”® Briefly, the RNA (3 pmol) was denatured at
95°C for 3 min, transferred to ice for 15 min, and rena-
tured at 37°C for 5 min in the folding buffer (100 mM
HEPES pH 8.0, 100 mM NaCl, 6 mM MgCl,). 2'-acyla-
tion was initiated by adding NMIA (6 mM in dimethyl-
sulfoxide), while only dimethyl-sulfoxide was incorpo-
rated to the control. Reactions proceeded for 15 min at
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37°C and formation of 2’-O-adducts was stopped by
adding 3 volumes of ethanol. RNA was recovered by cen-
trifugation, washed 3 times with 70% ethanol, and sub-
jected to primer extension.

Fluorescently-labeled DNA oligonucleotides (Applied
Biosystems) were purified by denaturing PAGE in 20%
gels. After adding 4 pmol of the appropriate primer
(Table 1) tagged with the VIC fluorophore, the RNAs
corresponding to the (+) and (—) NMIA reactions were
heated to 95°C for 3 min and snap-cooled on ice for
15 min. Extensions were performed at 52°C for 45 min
(in a 20 ul reaction volume) with 100 U SuperScript III
RT (Invitrogen) and 0.5 mM dNTPs in the buffer recom-
mended by the supplier. Sequencing reactions used to
identify the peaks were prepared similarly but adding
10 mM ddGTP to the primer extension mix and using
the appropriate primer (Table 1) tagged with the NED
fluorophore and non-modified RNA. The resulting
cDNAs were ethanol-precipitated, collected by centrifu-
gation, 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
QuShape software,”” which also normalized the reactivity
data. Between 4 to 6 replicas were performed for each
sample, and the mean and standard deviation of the
reactivity of each nucleotide was calculated.

Cloning and sequencing

ELVd circular forms purified from infected tissue were
reverse transcribed with SuperScript II RT (Invitrogen)
and primer RF-677 complementary to positions 85 to 68
of the ELVd reference sequence, and PCR-amplified
with Pfu DNA polymerase (Agilent) and primers RF-677
and RF-676 homologous to positions 86 to 105 of the
same sequence.”’ To cover the complete ELVd sequence
a second amplification was performed using for RT
primer RF-1298 complementary to positions 313 to 294
of the ELVd reference sequence, and for PCR primers
RF-1298 and RF-1299 homologous to positions 314 to
333 of the same sequence (Table 1). The resulting prod-
ucts were separated by non-denaturing PAGE in 5% gels
and the ELVd DNAs of the expected full-length were
eluted and cloned into the EcoRV restriction site of plas-
mid pBS II KS (+4) (Stratagene). Fifty plasmid inserts
from each amplification were sequenced automatically
by capillary electrophoresis (see above) using a Big Dye
Terminator v3.1 cycle sequencing kit (Applied Biosys-
tems). The nucleotide sequences obtained in this study
have been deposited in GenBank (accession numbers
KT901835 to KT901928 corresponding to 94 of the 100
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plasmid inserts sequenced; the other 6 were incomplete
or presented cloning artifacts).

In vitro capping

After adding N-terminal histidine tags to the 2 subunits
of the vaccinia virus guanylyltransferase (mRNA-cap-
ping enzyme) they were coexpressed in bacteria and
purified by affinity chromatography in Ni-agarose col-
umns.”* RNA preparations (3 j1g) from mock-inoculated
and ELVd-infected eggplant leaves and, when indicated,
from individual RNAs eluted from denaturing gels were
subjected to capping in vitro in reaction mixtures (30 ul
final volume) containing 50 mM Tris-HCl, pH 7.9,
1.25 mM MgCl,, 6 mM KCl, 2.5 mM DTT, 10 U of
human placental RNase inhibitor (HPRI) (Roche
Applied Science), 0.3 mM GTP, and 2.5 pul of a purified
guanylyltransferase preparation, which in previous
experiments was sufficient to efficiently label with
[@->*P]GTP 200 ng of a synthetic transcript. Following
incubation at 37°C for 45 min, addition of the same
amount of fresh enzyme and incubation for another
45 min at 37°C, the RNAs were extracted with phenol-
chloroform, recovered by ethanol precipitation, and
resuspended in sterile distilled water.*

RNA ligase-mediated rapid amplification of cDNA
ends (RLM-RACE)

After in vitro capping, the RNAs were sequentially
treated with calf intestinal phosphatase (CIP) (Roche
Applied Science), tobacco acid pyrophosphatase (TAP)
(Epicenter Technologies), and ligated to an RNA adaptor
using T4-RNA ligase (Roche Applied Science).” Reverse
transcription of the resulting products and nested PCR
using the Expand High Fidelity DNA polymerase (Roche
Applied Science) and appropriate primers (Table 1)
were also as reported previously.™

Alternatively to in vitro capping, eggplant RNA prep-
arations (3 g in 20 pl final volume) were treated for 1 h
at 60°C with 1 U of Terminator™ exonuclease (Epi-
centre) in the buffer recommended by the supplier com-
plemented with 10 U of HPRI and, subsequently, with
20 U of RNA 5’ Polyphosphatase™ (Epicentre Technol-
ogies) for 30 min at 37°C (in 20 wl final volume) con-
taining 50 mM HEPES-KOH (pH 7.5), 100 mM NaCl,
1 mM EDTA, 0.1% Triton X-100 and 10 U of HPRL
Ligation, reverse transcription and PCR amplification
were performed as described above.
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