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Abstract: Selective 2/-hydroxyl acylation analyzed by primer extension (SHAPE) is a widely used
technique for RNA structure analysis using N-methylisatoic anhydride (NMIA) treatment that has
been proven to be applicable to different types of RNA templates. In this study, we performed the
structural analysis of the viral satellite RNA of cucumber mosaic virus TA-Tb (satCMV TA-Tb) using
the SHAPE method. In the preliminary experiment, we optimized the protocol of SHAPE method for
analyzing satCMV TA-Tb by determining a suitable quantity of template RNA. This optimization
effectively reduced the appearance of a large number of intense bands in the NMIA-untreated sample
lane, along with a strong overall background signal that prevented the clear elucidation of the
RNA structure. SHAPE analysis indicated the presence of non-structured, single-stranded flexible
regions throughout satCMV TA-Tb with prominent flexible stretches located around nucleotide
positions 145 to 200. The positions of these flexible regions were particularly consistent with a
secondary structure of satCMV TA-Tb predicted by mfold software v.2.3, which consisted of five
5'- and 3/-proximal stem-loops and one internal large multi-branched stem-loop. Sequence alignment
and secondary RNA structure prediction of other satCMV sequences that are phylogenetically the
same group with satCMV TA-Tb also suggested the presence of 5'- and 3/-proximal stem-loop
structures. Our data provide the structural basis for elucidating the mechanism by which satCMV
TA-Tb regulates the pathogenicity and replication of its helper virus.

Keywords: SHAPE; RNA structure probing; satellite RNA; cucumber mosaic virus

1. Introduction

RNAs perform many fundamental biological roles, often through interaction with
other RNAs and proteins [1]. RNAs usually form structures through internal base-pairing.
These include secondary and tertiary structures, which are often difficult to characterize
thoroughly based on sequence alone. Characterizing the structure of RNA structure could
provide an understanding of how certain RNAs perform their specific biological functions.
For example, single-stranded regions often serve as landing pads for proteins or enzymes.
Loops have been shown to be critical in the recognition of small molecules as well as in
controlling the formation of long-distance interactions within complex RNAs. Extended
stem structures have been implicated in RN A-based diseases [2]. Therefore, a thorough
understanding of the structures of RNAs is important. Computational methods can be
used to predict RNA structures [3], although many factors prevent the accurate prediction
of RNA structure based on sequence [4]. Furthermore, there are important short RNAs for
which the prediction accuracy is very low [5].
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Accurate RNA secondary structure information is essential for deducing structure-
function relationships in RNA molecules. Local nucleotide RNA flexibility can be mea-
sured at the vast majority of positions using the selective 2'-hydroxyl acylation analyzed
by the primer extension (SHAPE) method [6,7]. The SHAPE method enables the thor-
ough examination of RNA structure because all RNA nucleotides, except for some post-
transcriptionally modified RNAs, carry a 2’-hydroxyl group, which is targeted for mod-
ification by this method. The SHAPE method can be applied to various types of RNA
for analyzing RNA structure in vitro as well as in vivo [2,8-11]. The principle of the
SHAPE method is to analyze the base flexibility of target RNA via selective 2’ hydroxyl
acylation [12]. By careful choice of SHAPE reagent and experimental design, nucleotide
flexibilities can be compared to other sequence-based analyses [13]. The 2'-hydroxyl group
of unpaired bases in the RNA conformation can be modified by electrophilic reagents, such
as N-methylisatoic anhydride (NMIA) or other reagents [6,14]. The subsequent primer ex-
tension reaction terminates at the base modified by the electrophilic reagent, thus mapping
the free bases in RNA [6,7,15].

A complete set of SHAPE experiments consists of sequencing reactions and SHAPE
reactions. The sequencing reactions indicate base positions, while the SHAPE reactions
include NMIA-added and NMIA-free reactions, which are used to probe RNA structure
by mapping base flexibility. The NMIA-free reaction is a negative control, which presents
background signals influenced by factors other than the NMIA reagent. The NMIA-added
reaction is the RNA probing reaction and maps the NMIA-modified sites based on the
termination site of reverse transcription, which indicates the position of unpaired bases in
the target RNA. The structure of the target RNA is probed by comparing signals from the
NMIA-added and NMIA-free reactions [6,13]. An NMIA-free reaction that results in weak
or no signals is essential for SHAPE analysis. However, some factors can cause strong sig-
nals in the NMIA-free reaction. These factors include RNA quantity/integrity and special
RNA structures, which may cause early termination during reverse transcription [6,16].

The SHAPE method has been widely used to analyze RNA structures from various
organisms. Genome replication of viruses and viroids includes some important processes
such as transcription and translation involving some cis-elements within special RNA
structures [4,17-20]. Notably, some viruses are accompanied by satellite RNAs, which can
regulate the virulence of their helper viruses through specific RNA cis-elements [21,22].
These satellite RNA cis-elements may form special RNA structures, so understanding
RNA structure is essential for elucidating the mechanism by which satellite RNA regulates
the replication of its helper virus. Our previous data showed that a satellite RNA of
cucumber mosaic virus (satCMV) TA-Tb attenuated its helper viruses [23]. In order to
investigate the underlying mechanism of attenuation, an understanding of the satCMV
TA-Tb RNA structure is necessary. In this study, we attempted to analyze the RNA structure
of satCMV TA-Tb using the SHAPE method. In order to reduce the signal background,
some parameters were varied to optimize the SHAPE protocol. Our experiment showed
that adjusting the quantity of template RNA in the SHAPE reaction can reduce background
signals in the NMIA-untreated sample lane. The secondary RNA structure of the complete
satCMV TA-Tb sequence provided by this study will be useful for further studies to
elucidate how satCMYV affects its helper virus.

2. Materials and Methods
2.1. Preparation of satCMV TA-Tb Transcripts

The plasmid pUC19-satCMV TA-Tb (containing the full-length sequence of Gen-
Bank No.: MF142365) was used as template to perform PCR with primers Tb-T7-5'linker-F
(5'-attaatacgactcactatagggccttcgggccaagttttgtttgttggagaattg-3’) and Tb-3'linker-R (5'-gaaccgg
accgaageccgatttggateeggegaaccggategagggtectgtagaggaatg-3'). The PCR product was used
as the template for the synthesis of satCMV TA-Tb transcripts in vitro.

For the synthesis of RNA transcripts of satCMV TA-Tb in vitro, 0.2-1.0 pg of template
DNA was mixed with 30.0 U T7 RNA polymerase (NEB), 2.0 uL 10X reaction buffer, 2.0 pL
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20 mM rNTP, 1.0 uL. 100 mM DTT, and 1.0 U RNase inhibitor. The reaction volume was
made up to 20.0 pL with ddH;O, and the reaction was incubated at 37 °C for 2.5 h. Satellite
RNA transcripts were extracted using the phenol-chloroform-based method and then RNA
was precipitated using 1/9 volume of sodium acetate and 2 volumes of 95% ethanol at
—20 °C for 2 h. The RNA pellet was dissolved in 30.0 uL of ddH,O. The RNA concentration
was determined using a NanoDrop One spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA).

2.2. Primer Labeling for the SHAPE Method

In order to analyze the RNA structure of satCMV TA-Tb (383 nt) by the SHAPE
method, four reverse primers were used: Tb-shape 3'linker-R (5'-gaaccggaccgaageccg-
3/, position 269-383 nt); Tb-shape-334-R (5'-gccttagectcteectgegtg-3/, position 165-285 nt);
Tb-shape-248-R (5'-gcegggttetgetageaaactg-3', position nt 85-200); and Tb-shape-140-R
(5'-geggctegtgggceteccccaag-3/, position 5-95 nt). Primers were labeled at their 5" end using
[v-32p]-ATP (PerkinElmer). For labeling, [y-32p]-ATP (30 uCi) was added to 15.0 pL reverse
primers (10 uM) and enzyme mix (5 U T4 PNK [NEB], 10 uL 10 x T4 PNK buffer, 71.0 uL
ddH,0) followed by incubating at 37 °C for 1.5 h. Labeled primers were centrifuged
through illustra™ Microspin™ G-25 columns (GE HealthCare, Chicago, IL, USA) to
remove dissociated radioisotopes. A RAP-RS1 isotope radiometer was used to monitor the
isotope signal during the experiment.

2.3. Folding and Modification of RNA Templates

RNA folding: 2.0 puL of satCMV TA-Tb transcripts (1.0, 2.0, or 10.0 uM) was denatured
at 95 °C for 3 min followed by cooling on ice for 2 min to open the RNA structure. RNA
folding was induced by the addition of 3.0 pL 5x folding buffer (400 mM Tris-HCI pH 8.0,
800 mM NH4Cl, 55 mM MgOAc) and 10.0 uL ddH;O. The mixture was incubated at 37 °C
for 20 min.

RNA modification: The folded RNAs were divided into two tubes (7.5 uL each).
One was treated with 1.5 pL 100.0 mM NMIA (Sigma, Kawasaki, Japan), which was
dissolved in dimethyl sulfoxide (DMSO) (Sigma), while the other was treated with 1.5 pL
of DMSO as a control. Both reactions were incubated at 37 °C for 40 min. Both treated
RNAs (modified and control RNA) were precipitated with 1/9 volumes of 3.0 M sodium
acetate and 2.0 volumes of cold 95% ethanol. The modified RNA pellet was dissolved in
10.5 uL of 0.5 x TE buffer (10.0 mM Tris-HCl pH 8.0, 1.0 mM EDTA).

2.4. Primer Extension Reactions

Sequencing reactions: [y-32p]-ATP labeled primers (3.0 uL) and 0.5 x TE buffer
(8.0 uL) were added to 1.0 uL of untreated satCMV TA-Tb RNA (1.0 uM, 2.0 uM or 10.0 uM
corresponding to the SHAPE reaction), and primer-template solutions were incubated at
65 °C for 5 min and 35 °C for 5 min, followed by incubation on ice for 1 min. Primer
extension was initiated by the addition of 8.0 uL of sequencing ladder mix (4.0 uL 5 x SSIII
first strand buffer, 1.0 uL. 0.1 M DTT, 1.0 pL 10 mM dNTP, 1.5 pL 10 mM ddTTP, 0.5 puL Su-
perscript III (Invitrogen, Waltham, MA, USA); preheated at 52 °C for 1 min) and incubation
at 52 °C in a thermostatic metal bath for 1 h.

SHAPE reactions: [y-32p]-ATP labeled primers (3.0 uL) were added to modified
satCMV TA-Tb RNA (10.5 puL), and the primer-template solutions were incubated at 65 °C
for 5 min and 35 °C for 5 min, followed by incubation on ice for 1 min. Primer extension
was initiated by the addition of 6.5 pL SHAPE enzyme mix (4.0 uL 5 x SSIII First strand
buffer, 1.0 uL 0.1 M DTT, 1.0 uL 10 mM dNTP, 0.5 puL Superscript III; preincubated at 52 °C
for 1 min) and incubation at 52 °C for 1 h, resulting in the addition of 2’-O-adducts on the
RNA template.

The samples of sequencing and SHAPE reactions were treated with 1.0 uL of 4.0 M
NaOH and heated at 95 °C for 5 min to terminate the reaction. Then 10.0 uL of Gel Loading
Buffer II (Invitrogen) or acid stop dye was added to samples followed by incubation at
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95 °C for 5 min and cooling on ice for 5 min. The acid stop dye consisted of Tris-HCl
(1.0 M) and stop dye in a ratio of 4:25. Stop dye consisted of 85% formamide, 3.0 mL 0.5 M
EDTA pHS8.0, 0.75 mL 20 x TBE, 0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol
tracking dye, and ddH,O up to 30 mL.

2.5. Polyacrylamide Gel Electrophoresis (PAGE) and Autoradiography

Urea-polyacrylamide gels (8%) were prepared and a 6.0 pL sample was loaded per
lane. Electrophoresis was carried out for 150-200 min at 2000 V (depending on the size
of the template). The gels were dried using a Flat Plate Gel Vacuum Dryer (WD-9410).
The gel was exposed to a phosphor screen (GE HealthCare) for 24-48 h, and scanned by a
multifunctional laser scanning imager Typhoon FLA 9500 (GE HealthCare).

2.6. RNA Structure Analysis

The intensity of each band was quantified using the semi-automated footprinting
analysis (SAFA) software v.1.1 [24]. After quantification, the effect of NMIA modification
on the flexibility of each nucleotide was examined by subtracting the intensity of each band
in the DMSO lane from that in the NMIA lane, producing a net value for each nucleotide.
The top 10% of the net values were selected to generate a mean value, which corresponded
to a relative flexibility value of 1. Subsequently, the relative flexibility values of each
nucleotide were calculated by dividing their corresponding net values by the mean value.
Nucleotides with a relative flexibility value of higher than 0.6 or ranging from 0.3 to 0.6
were adjudged to have medium to high, or low to medium flexibility, respectively. The
mfold web server [24] was used to predict secondary structures for satCMV TA-Tb and the
secondary structure diagrams of RNA were drawn using the RNA2Drawer softw v.1.1 are
according to the protocol [25].

2.7. Phylogenetic and Sequence Analyses

Multiple amino acid sequence alignment of satCMV was calculated by MAFFT ver-
sion 7 (https:/ /mafft.cbrc.jp/alignment/server/, accessed on 11 July 2023) [26]. Trimming
of poorly reliable regions in the alignments was carried out using trimAl version 1.3
(http:/ /phylemon.bioinfo.cipf.es, accessed on 11 July 2023) [27]. The phylogenetic tree
was constructed using the MEGA X software with the maximume-likelihood method [28].
Bootstrap analysis was performed using 1000 random samplings. DNAMAN ver 6 soft-
ware (Lynnon Biosoft, San Ramon, CA 94583, USA) was also used for sequence alignment
analysis of satCMV sequences.

3. Results
3.1. The Optimal RNA Template Quantity for the SHAPE Reaction Using satCMV
TA-Tb Transcripts

The previously described SHAPE protocols stated that the minimum quantity of RNA
template required for the SHAPE reaction is 0.2 pmol and the standard quantity is 1.0 pmol
but did not specify an upper limit for the RNA template concentration [6]. When 1.0 pmol
of RNA template of satCMV TA-Tb was used, the NMIA-treated ([+] NMIA) sample lane
and NMIA-free ([—] NMIA) sample lane showed no signal (Figure 1A). As using 1.0 pmol of
RNA template did not produce the desired results, we increased the quantity to 10.0 pmol.
The result showed that many similar intense bands appeared in both the (—) NMIA and (+)
NMIA lanes (Figure 1B). It is suggested that a high quantity of RNA template can ensure a
sufficient SHAPE reaction signal. However, it was necessary to further optimize the SHAPE
parameters to reduce the high signals in the (—) NMIA samples.
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Figure 1. PAGE and autoradiography images from SHAPE analysis of satCMV TA-Tb RNA.
(A) SHAPE reaction using 1.0 pmol RNA template. The detection range of the satCMV TA-Tb
sequence is from nucleotide position 269 to 383. The primer used for reverse transcription was
Tb-shape-334-R. U/A/G/C lanes represent four ladder sanger sequencing reactions which were
performed using adenine, thymidine, cytosine, and guanine dideoxy terminating nucleotides, re-
spectively. (—) and (+) NMIA lanes represent reactions in the absence and presence of the reagent,
respectively. The gel was exposed to a phosphor screen for 48 h. (B) SHAPE reaction using 10.0 pmol
RNA template. The gel was exposed to a phosphor screen for 12 h. Other conditions are similar to
those described for (A).

In an attempt to reduce the strong background of the SHAPE reaction in the (-) NMIA
lane of satCMV TA-Tb, the denaturation temperature of the RNA template before the
reverse transcription reaction was increased from 65 to 95 °C, which is in accordance
with the troubleshooting table in the SHAPE protocols [6]. The gel electrophoresis results
showed that although the RNA template was denatured at 95 °C, the intense bands in the
(—) NMIA lane did not diminish (Supplementary Figure S1, lane 3). In a further test, DMSO
was replaced with ddH,O in the RNA modification (—) NMIA reaction with a denaturation
temperature of 65 °C. Intense bands also appeared in the (—) NMIA lane (Supplementary
Figure S1, lane 1), indicating that DMSO is not responsible for the early termination of
the reverse extension. In conclusion, these measures, i.e., changing the predenaturation
temperature and the solvent, could not reduce the strong background signals in the (—)
NMIA lane.

As the quantity of template RNA used in the SHAPE reaction with satCMV TA-Tb
was 10.0 pmol, approximately 10 times the recommended quantity [6], we reduced the
concentration to 2.0 pmol. The electrophoresis of the SHAPE reaction showed that the signal
intensity of the bands in the (—) NMIA lane became weaker, and the termination signal of
the SHAPE reaction was clearly visible in the (+) NMIA lane (Figure 2A). Quantification
of band intensities clearly showed higher intensities in the (+) NMIA lane than in the
(=) NMIA lane (Figure 2B) and relative nucleotide reactivities determined by subtracting
the (—) NMIA intensities from the (+) NMIA intensities were obtained (Figure 2C). These
results indicate that reducing the RNA template to a suitable quantity could diminish the
intenseness of bands in the (—) NMIA sample lane, but too low a quantity of RNA template
would lead to no visible signal. Therefore, for the structural analysis of satCMV TA-Tb, a
2.0 pmol RNA template is suitable. This observation suggests that for the SHAPE reaction



Agronomy 2023, 13, 1990

6 of 14

using short RNA that very easily forms a stable structure, the quantity of RNA template
needs to be adjusted to obtain a clear reverse extension termination signal.
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Figure 2. Result of SHAPE analysis of satCMV TA-Tb RNA with the appropriate quantity of RNA
template. (A) PAGE and autoradiography image from the SHAPE experiment. The SHAPE reaction
used 2.0 pmol RNA template. The detection range of the sequence is from nucleotide position 105 to
180. The primer used for reverse transcription was Tb-shape-248-R. U/A/G/C lanes represent four
ladder sanger sequencing reactions which were performed using adenine thymidine cytosine and
guanine dideoxy terminating nucleotides. Nucleotide numbers indicate the nucleotide position in the
satCMV TA-Tb sequence. (—) and (+) NMIA lanes represent reactions in the absence and presence
of the reagent, respectively. The nucleotides with high flexibility (reactivity > 0.6) are denoted by
a red arrowhead, those with medium flexibility (reactivity from 0.3 to 0.6) are denoted by a green
arrowhead, and those with low to no flexibility (reactivity < 0.3) are not marked. The gel was exposed
for 12 h to a phosphor screen. (B) Band intensities in the (+) and (—) NMIA lanes from panel (A). The
intensity of each band was quantified using the semi-automated footprinting analysis software SAFA
v.1.1. (C) Relative nucleotide reactivity is determined by subtracting the (—) NMIA intensities from
the (+) NMIA intensities. The coloring scheme for nucleotide reactivity is the same as is shown in (A),
and those with low to no flexibility (reactivity < 0.3) are black.

3.2. Structure Probing of Complete satCMV TA-Tb Sequence Based on Optimized SHAPE Method

To provide insight into the secondary RNA structure of satCMV TA-Tb, we used an
optimized SHAPE method to investigate the flexibility of the individual nucleotides of
the complete satCMV TA-Tb sequence. The quantity of RNA template was 2.0 pmol, in
accordance with our results described above. The predenaturation temperature of the RNA
template used prior to the reverse transcription reaction was 65 °C, and DMSO was used as
the solvent. To profile the complete RNA structure of satCMV TA-Tb, four reverse primers,
Tb-shape 3'linker-R, Tb-shape-334-R, Tb-shape-248-R, and Tb-shape-140-R were used in the
reverse transcription reaction. The reactivity of each nucleotide to NMIA was visualized by
phosphorimaging. As shown in Figure 3, the reactive nucleotides, which are denoted by
red arrows (medium to high reactivity) and green arrows (low to medium reactivity) are
likely to be located in non-structured, single-stranded flexible regions. Notably, prominent
flexible stretches located around nucleotide positions 145 to 200 were detected by the
SHAPE method. Prediction of the secondary structure of satCMV TA-Tb by mfold with
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default conditions resulted in 30 predicted structures. The mfold seeks to bring the two
ends together and most of the stable structures it generates do so. It should be noted that
the structures are based on those the most stable free energy values under conditions that
are not physiological for plants, or animals for that matter. Among those, five predicted
structures showed the presence of flexible nucleotide stretches around nucleotides 145
to 200, in agreement with the SHAPE method assessment (Supplementary Figure S2).
The positions of flexible nucleotide stretches in one particular predicted structure, which
consisted of five 5'- and 3’ -proximal stem-loops (SL1, SL2, SL4, SL5, and SL6) and one
internal large multi-branched stem-loop (mbSL3, Figure 4), were highly consistent with
those determined by the SHAPE method throughout the satCMV TA-Tb sequence. NMIA-
reactive nucleotides were positioned at hairpin loops (hL2, hL3-1, hL3-3, hL3-4, hL.3-5, hL4
and hL-5), internal loops (iL3, iL4, iL5-1, iL5-2, and iL5-3), multi-branched loops (mbL3-1,
mbL3-2 and mbL3-3), bulged loops (bL3-1, bL3-2, bL4 and bL5) and single-stranded regions
(ss1, ss2, ss3, and ss5), while only a few NMIA-reactive nucleotides were positioned at stem
regions (Figure 4). Considering the low NMIA-reactive signal in hL1, hL 3-3, and hL6 as
well as sequence complementarities between hL1 and hL3-3, and between hL1 and hL6, it
is possible that the two pairs form kissing loops (kL1 and kL2, Figure 5). This information
regarding secondary and tertiary structures of satCMV TA-Tb provided a structural basis
for further mechanistic analysis by which satCMV affects virulence or replication of the
helper virus.
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Figure 3. SHAPE analysis on the complete sequence of satCMV TA-Tb. PAGE and autoradiography
images from the SHAPE experiment. The reaction used 2.0 pmol RNA template. The detection range
of the sequence is from nucleotide position 1 to 383. The primers used for reverse transcription
were Tb-shape-140-R, Tb-shape-248-R, Tb-shape-334-R, and Tb-shape 3'linker-R (from left to right).
U/A/G/C lanes represent four ladder sanger sequencing reactions which were performed using
adenine, thymidine, cytosine, and guanine dideoxy terminating nucleotides, respectively. (—) and
(+) NMIA lanes represent reactions in the absence and presence of the reagent, respectively. The
nucleotides with high flexibility (reactivity > 0.6) are denoted by a red arrowhead, those with medium
flexibility (reactivity from 0.3 to 0.6) are denoted by a green arrowhead, and those with low to no
flexibility (reactivity < 0.3) are not marked. Vertical lines to the right of arrowheads indicate the
positions of flexible (single-stranded) regions predicted by mfold (see Figure 4). The gel was exposed
for 12 or 24 h to a phosphor screen. U/A/G/C lanes are exactly one nucleotide longer than the
corresponding NMIA lanes. hL, hairpin loop; bL, bulged loop; iL, internal loop; mbL, multi-branched
loop; ss, single-stranded region.
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Figure 4. Superposition of relative nucleotide reactivities on a secondary structure model of satCMV
TA-Tb predicted by mfold. The color scheme of the nucleotides is the same as that used to represent the
reactivity (flexibility) of the nucleotides in Figure 4. SL, stem-loop; mbSL, multi-branched stem-loop;
hL, hairpin loop; bL, bulged loop; iL, internal loop; mbL, multi-branched loop; ss, single-stranded
region; kL, kissing loops.

3.3. Prediction of Secondary RNA Structures in Other satCMVs

To understand the relationships of satCMV TA-Tb with other satCMVs, a phylogenetic
tree was constructed using satCMV TA-Tb and 37 satCMYV sequences randomly selected
from the sequences publicly available in the database. A partial sequence of CMV RNA3
was used as an outgroup. Phylogenetic analysis showed that satCMVs were clustered
into two major groups (groups I and II) (Figure 5). The satCMV TA-Tb was placed in
group II together with other satCMVs including satCMV Paf (Accession No. AB570295),
N1-04 (JF918974), TSH (DQ249297), TEN (X65455), T43 (D10039), Pz (EF363688), Yn12
(EF363687), XJs1 (DQO070748), and F1 (AB072504), representing the larger satCMVs ranging
from 368-405 nt [29,30]. Group I consisted of satCMVs with the usual 332-342 nt size
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range and they were separated into two subgroups, I-A and I-B. Subgroup I-B contained
pKN-sat (D28559), which was shown to have two insertion regions designated IS-1 and
IS-2, relative to other satellite RNAs such as CARNAS5 (NC002602) [31], Rs (AF451896)
and 57 (D11051), which both contain insertion region IS-1 but not IS-2, while subgroup
I-A contained satellite RNAs with no insertion region or only insertion region IS-2 such
as Y-satRNA (D00542) (Supplementary Figure S3). Thus, the phylogenetic divergence of
satCMVs in group I appears to be in part, due to the presence of insertion region IS-1. It was
also noted that satCMVs in subgroup I-A formed two clusters containing either necrogenic
or non-necrogenic satCMVs according to their known biological characteristics and/or the
presence of necrogenic consensus sequences [32-37] (Figure 5).

61 1 CARNAS (NC002602)
{ pDsat5 (M30585)

SD (D89673)

L PG (x86426)

58 Sbm26 (KC713593

{ F2 (X89003)

T2 (X86410)

{ POSA3 (AB448701)
TO77 (X86422)

Necrogenic cluster

To/1991/3.1 (275884)

T1 (DQ785472)

TA-Ra (MF142364)
XJs2 (DQO7O74T)
Y-satRNA (D00542) Sub group I-A
7 | T73 (D10037) Group |
{73-Sat (E04016)

CSsatR5-9 (D42082)

F (D006S9)

IR-NY (JND29953)
CMVRaSAT (D00541)
To/990/15.1 (Z75878)
TTS (X69136)

Physalis-Tex clon1461 (KU169300)

Non-necrogenic cluster

banana (U43889)
0100-satRNA-340 (JFS18969)

66 pBsat 13 5 (M30591)

57 (D11051)
7‘4: Rs (AF451896) Sub group |-B
26 pKN-sat (D28559)

TSH (DQ249297)

XJs1(DQ070748)
Pz (EF363688)

Yn12 (EF363687)

TA-Tb (MF142365) Group I
F1 (AB072504)

T43 (D10039)

Paf (AB570295)

TFN (X65455)

N1-04 (JFO18974)

CMV R3 812-1178 (MCVCP3A1)

Figure 5. Phylogenetic relationships of satCMV TA-Tb with other selected satCMVs. The tree was
constructed using the maximum-likelihood method. The satCMV names are followed by their
accession numbers in parentheses. The numbers at the nodes indicate bootstrap support values
calculated with bootstrap analysis using 1000 random samplings. The scale bar represents nucleotide
substitutions per site.

Sequence alignment of ten satCMV sequences belonging to group Il showed a high
degree of sequence conservation (Figure 6A). However, it appeared that many sequence
variations occur in the regions corresponding to the stem regions of the stem-loops pre-
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A

dicted for satCMV TA-Tb (Figure 6B), suggesting that other satCMVs may have different
secondary RNA structures with that of satCMV TA-Tb. Notably, the SL6 structure (see
Figure 4) may be conserved due to a high sequence similarity in the 3’ end regions of
these satCMVs (Figure 6A). Secondary RNA structure prediction of the portions of satCMV
Paf, N1-04, TSH, and Pz sequences that correspond to regions of SL1 and SL2 structure
in satCMV TA-Tb using mfold showed that the 5’-proximal region of these satCMVs may
also form two stem-loop structures (SL1 and SL2), although they appeared to have differ-
ent conformation with those predicted for satCMV TA-Tb (Figure 6B). Thus the 5'- and
3’-proximal regions of this satCMV group may similarly form stem-loop structures.

SL2
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Figure 6. Sequence alignment and secondary RNA structure prediction of satCMVs. (A) Sequence
alignment of satCMV TA-Tb and phylogenetically closely related satCMVs. The satCMV names
are followed by their accession numbers in parentheses. The sequence length (nt) is indicated at
the right side of the alignment. The positions of the regions predicted to form stem-loop structures
in satCMV TA-Tb are indicated with lines and dashed lines. SL, stem-loop; mbSL, multi-branched
stem-loop. (B) Secondary RNA structure prediction of the portions of satCMV Paf, N1-04, TSH, and
Pz sequences that correspond to regions of SL1 and SL2 structure in satCMV TA-Tb.
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4. Discussion

In this study, the problem of the appearance of intense bands in the (—) NMIA lanes
in the SHAPE analysis for small satellite RNA structures was solved by adjusting the
quantity of template RNA, thus enabling more accurate probing of RNA structure. Notably,
the requirement for adjusting the quantity of template RNA was not mentioned in other
previous studies using the SHAPE method. The tendency of satellite RNA to form stable
structures poses a challenge to SHAPE reaction optimization. Our research group also
used the SHAPE method to analyze longer RNAs from the intergenic region of CMV
(1000 nt in length). The quantity of RNA template was 1 pmol, which resulted in a clean
background signal and, therefore, the structure could be analyzed. Another study using
the SHAPE method for the structural analysis of long non-coding RNA showed that, even
up to 25 pmol of RNA template, there was no obvious signal in the (—) NMIA lane [38].
This suggests that for short RNAs that very readily form stable structures, the appropriate
quantity of RNA template in the SHAPE reaction should be determined experimentally.
Although we tested increasing the predenaturation temperature to disrupt the stable RNA
fold, the structure may partially reform at the reaction temperature (65 °C). We then tried to
reduce the strong background signal by changing other reaction conditions; we found that
the production of strong bands in (—) NMIA lanes is not caused by either RNA degradation
or structural effects of reverse transcriptase termination in the RNA SHAPE reaction. In
fact, the satellite RNA itself has a short sequence, which can readily form a stable structure
that is not easily disrupted. Finally, we determined that the concentration of the RNA
template is the most critical factor.

We speculate that the background signals may be related to non-specific amplification.
The specificity of the hybridization of nucleic acids is affected by many factors, such as the
mismatch rate. In addition, the specificity of hybridization is influenced by the ratio of
template RNA to primer. It is recommended that the optimal amount of primer is 5-10 times
that of the RNA template [39]. By calculation, the concentration of primers used in our
experiment was approximately equal to that of the RNA template (10 pmol). Thus, the
quantity of primers used is much lower than the reported optimal ratio for hybridization.
When the template RNA was reduced, the non-specific signal in the negative control
diminished significantly. This is possibly due to the primer and template concentrations
reaching the appropriate ratio, at which the hybridization specificity of the reverse reaction
is enhanced and the non-specific hybridization and extension are reduced.

As satCMVs usually do not encode a protein, the nucleic acid sequence and/or RNA
structure of satCMVs are thought to be the factors that are responsible for its viability and
that directly affect the pathogenicity or replication of the helper virus [40,41]. For example,
satCMV Y was shown to induce yellow symptoms in tobacco by downregulating the mRNA
of tobacco magnesium protoporphyrin chelatase subunit I through the generation of small
RNAs from the satellite that is complementary to the mRNA [42]. Previously, the SHAPE
method was used to analyze the partial sequence of satCMV T1 [21]. To our knowledge,
our study presents the first probing of the RNA structure of a complete satCMV sequence
using the SHAPE method. Notably, our SHAPE analysis on satCMV TA-Tb showed
high consistency with one particular RNA structure predicted by mfold, which consisted
of five 5’- and 3’-proximal stem-loops and one internal large multi-branched stem-loop
(Figure 4). Furthermore, secondary RNA structure prediction of other satCMV sequences
that are phylogenetically the same group with satCMV TA-Tb suggested the presence
of 5'- and 3’-proximal stem-loop structures (Figure 6). Formation of a stable stem-loop
(hairpin) structure at 5’ end of satCMVs has been predicted by some studies [31,43-45]. It
was demonstrated that possible interaction between the 5'-untranslated region of CMV
RNA2 and the hairpin loop of satCMV T1 were not responsible for the suppression of
CMYV RNA2 accumulation by satCMV T1 [21]. A three-way branched secondary structure
predicted and confirmed by SHAPE data to form in the internal region of satCMV T1
was shown to be critical for the helper virus inhibition and satCMV T1 viability in the
plant [21]. Previously, a study also employed the combination of a prediction program and
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the SHAPE method to investigate the structure of a plant viral satellite RNA. A series of
distinct stem-loop structures including the tertiary interactions were predicted to form in
5'-terminal, central, and 3’-terminal regions of satellite RNA of cymbidium ringspot virus
(sat-Cym), and mutational analysis indicated the critical role of these structures for the
accumulation of sat-Cym [46]. The 3/-untranslated region (UTR) of plant umbraviruses is
known to contain 3’ cap-independent translation enhancers (3’ CITEs) characterized by
the formation of distinct secondary structures such as the barley yellow dwarf virus-like
translation element, the panicum mosaic virus-like translational enhancer, and the T-shaped
structure [20,47,48]. Supported by SHAPE analysis, recent studies identified the presence
of a conserved hairpin in the 3’ UTRs located upstream of 3’ CITEs in umbraviruses and
mutational analysis indicated that this conserved hairpin is critical for viral accumulation
and efficient translation of gRNA and sgRNA2 [49].

5. Conclusions

Many sequence regions within viral RNA genomes or non-coding RNA species as-
sociated with plant viruses commonly function through the formation of particular RNA
structures. The SHAPE method corroborated with mutational analysis seems to be reliable
for the deeper study of RNA structures with important biological roles. Further mutational
analyses are necessary to elucidate the role of secondary and tertiary RNA structures in
satCMV TA-Tb for regulation of the accumulation and pathogenicity of helper virus as well
as the viability of satCMV TA-Tb.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /agronomy13081990/s1, Figure S1: PAGE and autoradiography
image from SHAPE analysis of satCMV TA-Tb RNA with different predenaturation temperatures and
solvents. Figure S2: Different secondary structures of satCMV TA-Tb predicted by mfold. Figure S3:
Sequence alignment of several satCMVs belonging to sub group I-A and I-B.
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