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To control plant viruses, viral RNA silencing suppressors are important drug targets due to their key roles in
interfering antiviral RNA silencing. Here we have presented a strategy, combining virtual and experimental
screening, to discover the inhibitors of viral suppressor. By docking 157 026 compounds from a natural
product library into P19 model, eighteen candidate compounds were selected. Candidates VS2, VS12,
VS14 and VS15 displayed strong binding ability to P19 in the surface plasmon resonance imaging assay
with Kp values of 136.2, 111.6, 81.2 and 124.5 nM, respectively. Then the inhibition activities of these
inhibitors on the association between P19 and siRNA were also affirmed by electrophoretic mobility shift
assay. Moreover, the antiviral effects on plants showed that compounds VS14 and VS15 both exhibited
antiviral activities against Tomato bushy stunt virus (TBSV) in vivo with inhibition rates of 32.35% and
16.61% in 11 dpi, respectively. This strategy would be a powerful tool for the discovery of novel antiviral
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Introduction

Plant viruses cause huge losses in agriculture worldwide. To
control viruses in crops, many approaches have been tried
including plant genetic resistance and chemical control.*™*
However, most current antivirals based on induction of plant
resistance are prophylactic with little therapeutic effect,>®
highlighting the need for the development of novel inhibitors
against important targets based on a main antiviral mecha-
nism. In recent years, RNA silencing has been identified as
a major mechanism against viruses in plant and animal king-
doms.”® Trigged by viral double stranded RNA (dsRNA), RNA
silencing causes a sequence-specific shut down of the expres-
sion of genes to limit damage owing to viral infection. As
a counter defensive strategy, most viruses encode RNA silencing
suppressor (RSS) proteins to counteract the antiviral
silencing.®*® These competitions can be seemed as an arm race
between viruses and their hosts (Fig. 1). Interestingly, previous
studies showed that deletion of viral RSS actually reduced viral
RNA accumulation and alleviated systemic symptoms in
plants.”** Thus, it raises the possibility that plants can finally
win the host-pathogen arm race with the help of the chemical
viral RSS inhibitors.
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agents and provide new insights into the control of plant viruses.

In a previous study, a strategy was introduced to screen
inhibitors of RSSs and gained several chemicals that can inhibit
suppressors both in vitro and in vivo.** The siRNA was immo-
bilized on chips through streptavidin-biotin interaction and
RSS was incubated with candidate chemicals before analyzed by
SPR method. Furthermore, the inhibition activities against
RSS-siRNA complex in vitro and in vivo of the chemicals
screened by SPR were also confirmed by EMSA and protoplast-
based assay, respectively. The highlight of this study is that
the selected chemicals can efficiently suppress RSS-siRNA
interactions, not just bind to RSSs without affecting their
counter-PTGS ability. Similarly, a fluorescence-detection assay
was presented to screen small-molecule inhibitors of RSS P19.%
The P19 with His tag was immobilized on 96-well Ni**-NTA
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Fig. 1 Schematic representation of antiviral RNA silencing in plants,
counter-defense by viral silencing suppressor P19 and counter—
counter defense by RSS inhibitors.
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plates and the siRNA with fluorophore was captured by P19 after
incubation, thus the chemicals can be screened by determining
the fluorescence intensity per well. Additionally, based on the
presence of thiosulfonate functional groups in both identified
inhibitors, they also found that covalent modification of
cysteine residues in P19 can lead to a reduction of binding
activity to siRNA of P19. However, the traditional methods for
developing drugs, such as random synthesis and screening and
analogue synthesis, are not only expensive but also time-
consuming. In recent years, the combination of computer
aided drug design (CADD) and experimental high throughput
screening (HTS) has become an effective method in lead
compounds discovery and development.’** One common used
approach in CADD is structure-based virtual screening, which
enables docking of numerous compounds into a certain bio-
molecular target and then evaluates in a speedy and inexpen-
sive manner. Moreover, this molecular docking can also be used
to view the binding modes between compounds and target, even
further analyze the possible mechanisms.

Among viral RSS proteins, a 19 kDa protein (P19) of Tom-
busviruses has been widely studied.” P19 can bind and sequester
small interfering RNAs (siRNA), and subsequently inhibit the
silencing pathway by preventing these siRNAs incorporation into
the RNA-induced silencing complex (RISC) (Fig. 1). Also,
sequestration of siRNAs has been seemed as a common strategy
for many RSSs to suppress the silencing pathway.”*** Therefore,
inhibition of interactions between siRNAs and RSSs can enhance
host RNA silencing resistance directly and then attenuates virus
disease severity. In addition, the reports of crystal structures of
P19-siRNA complex demonstrate how P19 bind to siRNA and
make this RSS an attractive target for structure-based virtual
screening of novel inhibitors.>***

The aim of this work is to discover new antiviral chemicals
for management of plants even after viral infection. First of all,
we used RSS P19 as the molecular target to screen a natural
product library containing 157 026 compounds. Then we
analyzed the selected candidate compounds by surface plasmon
resonance imaging (SPRi). The inhibition activities of these
candidates on the association between P19 and siRNA were also
tested by electrophoretic mobility shift assay (EMSA). Finally, we
identified four strong inhibitors against P19 and examined their
antiviral activities against TBSV in plants. Taken together, we
have introduced a strategy to screen novel inhibitors of RSS by
combined virtual screening and experimental HTS, and ob-
tained several antiviral agents.

Experimental

Molecular docking

The crystal structure of P19 (PDB ID:4JGN) used in this study was
prepared by the following steps: all water and solvent molecules
were removed from structure in Pymol,> then hydrogen atoms
and Gasteiger charges were added using AutoDock Tools.”® The
modified structure was used to define the binding pocket
according to PocketPicker,” siRNA binding sites and the
analyzed key residues (Fig. 2B). After that, the structure was
submitted for docking in AutoDock Vina (version:1.1.2) against
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Fig. 2 (A) Virtual screen scheme to retrieve inhibitors of RSS P19. (B)
Binding sites predication of RSS P19.

a natural product database containing 157 026 small molecules.
(3D structures prepared by Guo et al.*®). The results were scored
by AutoDock Vina and the top 200 ranked compounds were
chosen for further binding mode analysis.

Protein expression and purification

The RSS P19 protein was expressed in Escherichia coli strain
BL21 (DE3) pLysS by use of the pet-28a expression system.
Briefly, the P19 sequence was cloned at Nde I and Not I sites into
the expression vector pET-28a(+), which resulted in P19
C-terminal fusion with a His-tag. (Primers were shown in
Table S2.}) After transformation of Escherichia coli, a pre-culture
of 5 mL volume was grown at 37 °C overnight, and added to
500 mL Luria-Bertani (LB) medium and grown to an OD600 of
0.6-0.8. Then, expression of P19 was induced by the addition of
1 mM isopropyl-p-p-thiogalactopyranoside (IPTG). To avoid
misfolding, the temperature of the culture was reduced to 25 °C.
After 8 h, the expression bacterial cultures were harvested and
proteins were purified using Qiagen Ni-NTA Agarose according
to the manufacturer's instruction.

Preparation of small molecule microarrays for SPRi

The photo-cross-linked (PCL) surface sensor chip was prepared
as described previously.?*** Compounds dissolved in DMSO (10
mM) were spotted in multiplex using a Genetix QArray spotter
(produced 300 uM features). The chip was dried to evaporate
DMSO under vacuum and then exposed to UV irradiation 2.4 J
em™> (365 nm) in a UV chamber (Amersham Life Science).
Subsequently the chip was washed using DMF, ethanol and
ultrapure water for 15 min respectively.

The prepared PCL chip was placed in an SPR imaging
instrument (PlexArray, USA). After washing with running buffer
(PBS, pH 7.2) for 10 min, the RSS proteins diluted in PBS
(pH 7.2) were injected at a flow rate of 2 pL s~' with both
association and dissociation time of 300 s.

Electrophoretic mobility shift assay

The P19-siRNA inhibition activity of compounds was tested
by chemiluminescent EMSA Kit (Beyotime, China). (siRNA
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sequences were shown in Table S2.t) Viral suppressor P19 and
a candidate compound were incubated in 18 pL binding buffer
for 25 min at room temperature before adding 2 pL siRNA. After
incubation for another 25 min, 2.2 pL loading buffer was added
to the binding reaction. Then the mixture was analyzed by
electrophoresis in 6.0% polyacrylamide gels at 110 V for 1 h in
0.5x TBE running buffer. The Protein-siRNA complexes in the
gel were transferred to a nylon membrane at 380 mA for 45 min,
and then the nylon membrane was crosslinked by UV-light
instrument and visualized according to manufacturer's
instruction.

Evaluation of antiviral activity of inhibitors against TBSV in
vivo
Tobacco plants (Nicotiana benthamiana) were grown in green-
house on a cycle of 14 h light at 24 °C and 10 h dark at 20 °C.
Approximately 0.2 g fresh TBSV systemically infected leaf tissue
was homogenized with kieselguhr in 20 mL distilled-water to
prepare the virus inoculum. Then the leaves of tobacco were
rub-inoculated with the sap. The chemicals dissolved in DMSO
were diluted in water to the concentration of 150 mg L' and
0.05% pesticide synergist was added which can help enhance
the spreadability and penetration of chemicals. The same
compositions except chemical were also added to solution used
for control group. Subsequently, the prepared solutions were
atomizing sprayed on the entire inoculated plants within 1 hour
post inoculation and again at 1, 3 days post inoculation (dpi).
The antiviral activities of inhibitors were evaluated by disease
severity index and quantitative PCR.

Plant disease severity was graded by using a 0-4 rating scale.
0 = no disease symptom, 1 = slight symptoms on inoculated
leaves, 2 = vein clearing on one systemic leave, 3 = vein clearing
on two or more upper leaves, 4 = the whole plant necrosis. And
disease severity index was calculated by the following formula:

Disease severity index =

Z (disease grade x number of plants in each grade) x 100

total number of plants x highest disease grade

Total RNAs were extracted from three individual inoculated
leaves at different time points after inoculation. Then the virus
replication levels and gene expression levels were measured by
quantitative real-time PCR analysis and the primers were shown
in Table S2.1 Relative quantitation of the target gene expression
level was performed using the comparative C; method. Each
experiment was analyzed with three technical replications.
Elongation factor 1o (EF-1c) gene was used as an internal
control.

Results
Molecular docking

By comparing with the available crystal structures of P19-siRNA,
4JGN, a complete short loop structure in N-terminal near siRNA
binding sites and diffracted to 1.86 A resolution without any
mutations, was selected to screen potential inhibitors.
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Based on the studies about P19-siRNA interaction,>>43:32 13
key residues were selected and divided into four groups: (A)
TRP17, TRP20, LYS38, LYS49; (B) ARG50, ARG53, CYS88; (C)
PRO15, ARG93, SER102; (D) SER40, SER91, SER98. Among
these, the key residues in group A can interact with siRNA
directly, the mutations of these residues would result in
decrease of the lethal necrosis phenotype in viral-infected
plants. While the residues in group B are important in
keeping structural stable of P19, thus affect the P19-siRNA
interaction indirectly. The residues in group C and D are located
in the siRNA binding domain of P19 and have interactions with
siRNA. But substitutions of these residues can not affect P19
severely. In addition, the residues in group C are conserved
among P19 family whereas residues in group D are not. Thus,
the importance order of the residues group is: A = B > C > D.

Virtual screening was performed using the following steps
(Fig. 2A). All 157 026 compounds in the library were docked into
the binding pocket (Fig. 2B) of prepared P19 model using
AutoDock Vina (version: 1.1.2).>° Docking calculation was per-
formed by AutoDock Vina.?® Briefly, the scoring function, which
combines certain advantages of empirical and knowledge-based
scoring functions, consists of several main terms including
hydrophobic, hydrogen bonding and steric interactions. Based
on the calculated free energy of binding, the top 200 ranked
compounds were selected. Then the binding models of these
200 compounds were manually checked according to the
following criteria: (1) forming at least one pi-pi interaction or
stacking interaction with TRP17 or TRP20, (2) forming at least
two hydrogen bonds with residues in group A and B, (3) well
occupy the defined cavity of P19, (4) availability. Finally,
18 compounds were selected for experimental screening
(for details, see the ESIT). As shown in Table S1,} the binding
affinity calculated for all these 18 ligands binding with P19
range from —8.7 to —10.6 kcal mol .

Experimental screening

Eighteen candidate compounds were purchased from ChemDiv
and the binding ability to P19 were tested using a SPRi method.
The result of protein P19 (19 kDa) purification was shown in
Fig. S1.7 All compounds were dissolved in DMSO (10 mM) and
spotted in a PCL chip. DMSO and rapamycin were spotted as
control and FKBP12 was used to test the PCL chip (Fig. S21).
DMSO and surface background were taken as negative control
to subtract noise signal. Different concentrations of P19 diluted
in PBS were used as analyte. Among the candidates, four
compounds showed relatively high binding resonance unit (RU)
values were considered to have potential P19-binding activity.
Detailed kinetic parameters of these four candidates including
association rate constants (K,), dissociation rate constants (Ky)
and equilibrium dissociation constant (Kp) were calculated and
presented in Table 1. K, values were calculated by the equation:
Kp = K4/K,, and the smaller K, values represent higher binding
affinity. The smallest K, value was 81.2 nM for compound VS14.
Then these four compounds were selected to test their inhibi-
tion of association between P19 and siRNA by Electrophoretic
mobility shift assay (EMSA) (Fig. 3).

This journal is © The Royal Society of Chemistry 2018
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Table 1 The kinetic parameters of selected compounds from SPRi

Compound K, (1/Ms) Kq (1/s) Kp (nM)
VS2 2.46 x 10° 3.35 x 107* 136.2
VS12 1.72 x 10° 1.92 x 10 111.6
VS14 3.56 x 10° 2.89 x 107* 81.2
VS15 2.49 x 10° 3.1x10°* 124.5

In EMSA experiment, different concentrations of chemicals
and constant amount of P19 (2 pM) were used to test if these
inhibitors are dose-dependent. As shown in Fig. 3, negative
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control represented mixture running buffer only contained
50 nM siRNA whereas mixture buffer in lane positive control
contained 50 nM siRNA and 2 pM P19. In lane positive control,
the measured P19-siRNA complex revealed that P19 was able to
sequester siRNA. The following lanes represented increasing
concentrations of chemicals were added in mixture buffers
contained constant amounts of siRNA and P19, which resulted
in corresponding reduced P19-siRNA complexes. As shown in
Fig. 3, the molecular ratio of P19-siRNA complex and siRNA was
3.62 : 1 for VS14 in positive lane, as the concentration of added
chemical increased, the ratio reduced correspondingly. The
ratio were 3.03, 0.99, 0.34 for the added VS14 concentration of 1,
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Fig. 3 Binding interactions between inhibitors and P19 tested by SPRi (upper panel) and the dose-dependent effects of inhibitors on the
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association between P19 and siRNA in EMSA (lower panel). (A) VS2, (B) VS12, (C) VS14 and (D) VS15. Different concentrations of P19 in flowing
analytes in SPRi were discriminated by colored curves as shown in the graph.
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4, 8 mg L " respectively and the ratio was close to zero in the
concentration lane of 10 mg L™". For VS15, the molecular ratio
of P19-siRNA complex and siRNA was 2.93 in positive lane while
the ratio were 2.76, 1.75, 0.67 for the added chemical concen-
tration of 2, 5, 10 mg L respectively. For VS12, the molecular
ratio was 1.74 in positive lane while the ratio were 1.08, 0.9,
0.83 for the added chemical concentration of 2, 5, 10 mg L™*
respectively, and in the concentration lane of 20 mg L™ the
ratio was approximately 0.01. For VS2, the molecular ratio was
0.56 in positive lane while the ratio were 0.7, 0.59, 0.53 for the
added chemical concentration of 2, 10, 20 mg L' respectively,
and in the concentration lane of 40 mg L' the ratio was
approximately 0.01. These results indicate that these candidates
could inhibit the binding between P19 and siRNA in a dose-
dependent manner. All these four compounds suppressed
P19-siRNA interaction with concentration values less than
100 mg L~ '. Among which, VS14 completely suppressed P19~
siRNA interactions at 10 mg L™". Both VS12 and VS15 showed
strong inhibitions against P19-siRNA complex at 20 mg L™ ".
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Binding modes of inhibitors

Based on the dock conformation, the binding modes of all 4
chemicals with P19 were shown in Fig. 4. Markedly, all of the
hits have several hydrogen bonds interactions with residues of
P19. Moreover, they all have interactions with Trp20 or Trp17,
which are the key residues in P19 for siRNA binding.

In the binding of VS2 to P19, the oxygen of carbonyl and the
other oxygen of ester in VS2 create hydrogen bonds with resi-
dues Tyr51 and Lys38, respectively (Fig. 4A). Notably, the pi-pi
interaction between the benzene ring and residue Trp20 was
supposed to be the major interaction. And the similar pi-pi
interaction between residue Trp20 and aromatic ring can be
also viewed in VS15. In addition, different oxygen atoms of
carbonyl in VS15 form four respective hydrogen bonds with
Trp17, Pro15, Ser14 and Tyr51 (Fig. 4D). The inhibition activity
of VS12 is similar to that of VS15, but the binding patterns are
somehow different. VS12 have both pi-pi and stacking inter-
actions with residue Trp20. Besides, the other two hydrogen
bonds between VS12 and P19 are the oxygen of carbonyl with

A VS2

B VS12

TRP-ZON

ARG-53 ARG-50 Y549
LYs-38
-=E SER-40
ARG-93 }
) SER-91

SER-98

/SER-40
ARG-93> SER-91 SEI;QI
SER-98
a vsi4| | p Yol

TYR-51
ARG-50 LYS-49
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LYS-38 l\
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SER-91
SER-98

Fig.4 Potential binding modes of inhibitors (A) VS2, (B) VS12, (C) VS14 and (D) VS15 docked to the protein structures P19 (4JGN). Compounds are
shown as yellow sticks. The key residuesin group A, B, C and D are displayed as magenta, purple, pink and green, respectively. Hydrogen bonding

interactions are represented as orange dotted lines.
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residue Arg50 and the oxygen of anisole with residue Lys38
(Fig. 4B). The activities of VS12 and VS15 were 2 fold increment
compared to that of VS2. Both of them have one pi-pi interac-
tion and at least three other interactions with P19. It seemed
that more interactions with P19 can increase the chemicals'
activity significantly. Among these chemicals, VS14 showed the
highest activity of inhibition. Three hydrogen bonds interacting
with the residues Lys49, Pro15 and Trp17 were observed. Also,
the aromatic ring can form pi-pi interaction with Trp20
(Fig. 4C). The high activity of VS14 may attribute to that it has
interactions with three critical residues in analyzed key residues
group A.

Antiviral effects of inhibitors in vivo

The antiviral activities of inhibitors against TBSV in vivo were
evaluated via disease severity index calculation and quantitative
PCR method. The average disease severity with treatment by
VS2,VS12,VS14, VS15 are shown in Fig. 5A. Obviously, VS14 and
VS15 were effective in reducing disease symptom whereas VS2

TBSV
A

VS2 --4--VS12 --e--VS14 --e--VS15

——ck

Average disease severity

Days post inoculation

B 300

Emck BVSI2 0OVS14 m@mVsis

250 A

200 -

150 A

100 -

TBSV RNA (Relative Unit)
n
(=]

2 4 6 8 10

Days post inoculation

Fig. 5 (A) Effects of inhibitors on severity of disease symptoms in
plants after TBSV-infection. (B) Effects of inhibitors on viral accumu-
lation levels in inoculated leaves after TBSV-infection. Rating scale of
disease severity: 0 = no disease symptom, 1 = slight symptoms on
inoculated leaves, 2 = vein clearing on one systemic leave, 3 = vein
clearing on two or more upper leaves, 4 = the whole plant necrosis.
Different inhibitors were discriminated by symbols as shown in the

graph.
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Table 2 The disease severity indexes of plants treatment with inhibi-
tors in 11 dpi

Compound Disease severity index Inhibition rate (%)
Control (water) 87.17 + 2.02 —

VS2 84.60 + 4.10 3.31 + 4.68

VS12 86.71 £ 3.94 2.04 + 2.89

VS14 58.97 £ 6.60 32.35 £7.30

VS15 72.69 £ 3.53 16.61 + 3.37

and VS12 showed relatively lower efficacy. After 9 dpi, the plants
in control group displayed necrosis while treatment of VS14 and
VS15 significantly decreased this lethal necrosis phenotype. The
disease severity indexes in 11 dpi are listed in Table 2. Among
these inhibitors, VS14 exhibited the best antiviral activity
against TBSV with the inhibition rate of 32.35%. The inhibition
rates of VS15, VS2 and VS12 were 16.61%, 3.31% and 2.04%
respectively (inhibition rate > 0). It should be noted that most
viral-infected plants in water control group showed lethal
necrosis whereas some of that treated with VS14 and VS15 just
showed slight symptoms in 13 dpi.

The viral accumulation levels at different days post inocu-
lation were measured by quantitative RT-PCR. As shown in
Fig. 5B, both treatments with VS14 and VS15 resulted in less
virus accumulation in inoculated leaves than that of water
control. Viral-infected plants in group water control and VS12
had a similar variation trend in viral RNA levels. These results
are consistent with disease severity visual observed. (The viral
accumulation levels of treatment with VS2 was not determined
because of their similar symptom developments with control
group and VS12). Taken together, all these results indicate that
inhibitors VS14 and VS15 are effective in reducing viral accu-
mulation levels in the inoculated leaves and attenuating system
symptoms.

Discussion

Since RNA silencing has been seemed as an important antiviral
defense mechanism, various viral silencing suppressors have
been identified consistently. The crystal structures of some
suppressors also have been characterized, such as 2b and
P19.2%24% Both the crystal structures of 2b and P19 elucidate the
binding modes between dsRNA and proteins. And this dsRNA
binding ability is speculated to be a common strategy to counter
antiviral silencing for RSSs.?*>> Tomato aspermy virus (TAV) 2b
forms a homodimer with two long a-helices linked by a short
linker. This homodimer has a pair of hook-like structures to
bind to the siRNA duplex at its major groove.*® P19 also acts as
a dimer to sequester siRNA duplex by providing stacking
interactions between two conserved tryptophan residues from
a helix and terminal bases of siRNA, and by forming B sheet
concave binding surface to interact with the phosphates and
sugar 2'-hydroxyls of siRNA.** Previous studies showed some
critical residues in dsRNA-binding ability of P19. For instance,
mutations on the two tryptophan residues W39 and W42 obvi-
ously attenuate the lethal necrosis phenotype in virus-infected

RSC Adv., 2018, 8, 10532-10540 | 10537
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plants, as these two residues are the critical amino acids for P19
to recognize terminals of dsRNA.>* This reduced silencing
suppression ability of P19 mutations was also confirmed by
agro-infiltration. Two other mutations in residues K60 and K71,
which are involved in salt bridges to phosphate backbone of
RNA, also reduce the necrosis phenotype in hosts.”® A few
residues were not selected, although they may also be respon-
sible for inhibition, their location far from the siRNA-binding
sites makes them less likely to interact with candidate inhibi-
tors in this study (e.g. K67, Q107). Then the chosen analyzed key
residues were used to define the binding pocket for molecular
docking and be divided into four groups according to their
importance in the interaction between P19 and siRNA. These
four residue-groups would be crucial criteria in the binding
mode checking. By analyzing the available X-ray structures of
P19-siRNA complex, we found that one file (PDB ID 4JGN) has
a relatively complete structure in N-terminal loop that near the
RNA-binding domain. Moreover, the 4]GN complex has a high-
resolution at 1.86 A which is also important for virtual
screening. The corresponding key residues in 4JGN to that of
1RPU complex are listed in Table S3.7

Applying a similar screen procedure described before,*® we
screened a natural product database and purchased 18 selected
compounds for experimental validation by using a SPRi
method. The combined small molecule microarray (SMM) and
SPRi method was developed to screen lead compounds against
drug targets recently.** In comparison with the SPR method
applying in the previous study,'* siRNA was not used in the
primary experiment because the selected 18 candidate
compounds are more specific to RSS-siRNA interaction and it
would be more convenient and cost-effective to observe the
direct interactions between protein and compounds. Another
advantage of SPRi is high-throughput, allowing the parallel
evaluation of hundreds or thousands of compounds simulta-
neously. After this label-free experimental screening of candi-
dates, four possible inhibitors were obtained.

Suppressors inhibit RNA silencing by targeting different
steps, such as dicing, RISC assembly, secondary siRNA
production. It has been suggested that P19 can bind to and
sequester viral siRNAs, and thus to evade host RNA silencing
defense in infected plants. To test whether these inhibitors
actually work through this pathway, the inhibition activities of
these inhibitors on the association between P19 and siRNA were
confirmed by EMSA. In the preliminary EMSA experiment, we
used 1 nM dsRNA and different concentrations of P19 in the
binding reaction, but the processed nylon membrane cannot
show any signal. Then we increased the concentrations of
dsRNA and P19 gradually, at last we found that 50 nM dsRNA
and 2 pM P19 (approximately 1000 ng) could be appropriate in
this test. As shown in Fig. 3, when increasing amount of
compounds were added to the binding reactions which have
a constant concentration of P19 and dsRNA, the detected
complexes of P19-siRNA correspondingly reduced. These
results suggest the selected inhibitors can inhibit the binding
between P19 and siRNA in a concentration-dependent manner.
Furthermore, we tested the inhibition activities of previously
reported RSS inhibitors croconic acid and 1,4-benzoquinon,***
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and found that both compounds showed complete inhibition in
concentration of 200 mg L™" (Fig. S31) Obviously, the inhibitors
screened by our strategy have stronger inhibition activity than
the tested known inhibitors. This can be attributed to the high
activity and more specific function way of inhibitors selected by
virtual screening.

The possible interaction mechanism was further analyzed
according to the potential binding modes of identified inhibi-
tors. As mentioned above, one of the important criteria in
manual analysis was to check if the candidates have interac-
tions with the key residues TRP17 or TRP20 of P19 (refer to W39
and W42 in 1RPU, respectively). Among these inhibitors, VS14,
which has pi-pi interaction with Trp20 and hydrogen bond
interaction with TRP17, exhibited strong inhibition activity. But
inhibitor VS15 which also has interactions with TRP17 and
TRP20 showed relatively weaker activity. Several candidates
which have interactions with TRP17 and TRP20 were selected in
manual checking, but only two of them can inhibit P19 in vitro.
It seemed that dual interactions with this two critical residues
viewed in the binding mode may not be a key factor affecting
compounds' inhibition activity. We have to point out that
although criteria applied in manual checking step increase
success rate of virtual screening notably, it still have some
limitations. For instance, all selected candidates in our study
have at least one pi-pi interaction or stacking interaction with
TRP17 or TRP20, and have a relatively similar mechanism of
action although they have different scaffolds. Unlike P19
inhibitors identified previously," all compounds selected in our
study do not have thio-sulfonate functional groups which are
reactive toward cysteine residues. Hence our candidates would
not affect P19 activity through covalent modification of cysteine
residues.

Among the identified inhibitors, VS14 and VS15 displayed
relatively strong activities in attenuating viral symptoms and
reducing viral accumulation. Comparing the chemical struc-
tures and inhibition effects of VS14, VS15, VS12 and VS2, we
deduced that the key factor might be the ester group in VS14,
which can be hydrolyzed in plant cells by the endogenous plant
esterase, releasing phthalic acid and triptolide-like compounds.
Phthalic acid is a kind of benzoic acid, which might play an
important role in the precursor of salicylic acid, which is a key
endogenous component of local and systemic disease resis-
tance in plants.*® Triptolide possesses antitumor properties,
which is an inhibitor of RNA polymerase I and II-dependent
transcription leading predominantly to down-regulation of
short-lived mRNA.*” VS15 contains a macrocyclic lactone
structure, which have antibiotic activity.*® As for V12 and VS2,
the amide structure may not facilitate the antiviral effect.
However, the antiviral effects of these inhibitors in plant were
not as good as predicted. Therefore, the dosage amount, dosage
form and the spray times may need more optimization.
Inspection of RSS-dsRNA crystal structures provides new
insights in discovering RSS inhibitors and analyzing their
functional mechanism. Considering that many RSSs show
a common pattern to bind siRNA,**** it raises the possibility
that inhibitors of P19 can also suppress other RSSs. That means
P19 inhibitors identified in this study may have inhibition

This journal is © The Royal Society of Chemistry 2018
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activity on other RSSs and can be used to treat many different
plant viruses. Moreover, to manage viruses based on the
mechanism of RNA silencing probably would be a focus of
future research. In medicine, a recent study has introduced an
RNAi-based high-throughput method to screen inhibitors
against X protein which is the silencing suppressor of hepatitis
B virus and the identified inhibitor can efficiently suppress
hepatitis B virus replication in culture medium.* In agriculture,
several interesting studies have been conducted on topical
application of dsRNA for plant virus control.***' Spraying
dsRNA, which is the elicitor of RNA silencing, on viral-infected
plants can lead to degradation of homologous viral RNA.
However, limitations still exist (e.g. cost and instability).
Therefore, combined utilization of dsRNA and RSS inhibitors
would be a better choice.

Conclusions

In summary, we have developed a strategy to discover novel
antiviral agents targeted RNA silencing suppressors. With the
combination of virtual screen and bio-assays, several inhibitors
were identified. The success rate of about 22% (4 out of 18
virtual screened small molecules) and the strong inhibition
effectiveness both verify this strategy. Furthermore, this strategy
may be also applicable for animal viruses which encode
suppressors to counter PTGS. This study would provide new
insights on the development of pesticides and help resolving
the problems faced by genetically resistant crops.
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