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ABSTRACT

Viruses often encode viral silencing suppressors
(VSSs) to counteract the hosts’ RNA silencing activ-
ity. The cricket paralysis virus 1A protein (CrPV-1A)
is a unique VSS that binds to a specific Argonaute
protein (Ago)—the core of the RNA-induced silenc-
ing complex (RISC)—in insects to suppress its target
cleavage reaction. However, the precise molecular
mechanism of CrPV-1A action remains unclear. Here
we utilized biochemical and single-molecule imaging
approaches to analyze the effect of CrPV-1A during
target recognition and cleavage by Drosophila Ago2-
RISC. Our results suggest that CrPV-1A obstructs the
initial target searching by Ago2-RISC via base pairing
in the seed region. The combination of biochemistry
and single-molecule imaging may help to pave the
way for mechanistic understanding of VSSs with di-
verse functions.

INTRODUCTION

RNA silencing is a highly conserved mechanism that regu-
lates gene expression in various biological processes. RNA
silencing also plays an important role in antiviral defense,
especially in insects and plants (1-4). Upon infection, RNA
silencing is triggered by double-stranded (ds) replicative in-
termediates of RNA viruses and/or highly structured re-
gions of viral RNAs, which are processed into 20-25-nt
small interfering RNAs (siRNAs) by the ribonuclease 111
enzyme Dicer (Dcr-2 in insects and DICER-LIKE2/4 in
plants) (2,3,5-7). The siRNAs are then incorporated into a
member of Argonaute family proteins (Ago) to form RNA-
induced silencing complex (RISC), which cleaves comple-
mentary target RNAs and thereby restricts viral replication
(2,3).

In order to counteract the hosts” RNA silencing, viruses
often encode viral silencing suppressors (VSSs) [also known
as viral suppressors of RNA silencing (VSRs)]. Numerous

VSSs have been discovered in insect and plant viruses, which
block the RNA silencing pathway in diverse mechanisms
(1,3). For example, many VSSs such as tombusvirus p19,
Drosophila C virus 1A (DCV-1A) and flock house virus B2
(FHV-B2) bind to long dsRNAs and/or siRNAs, thereby
sequestering their processing by Dicer or their assembly into
Ago proteins (8—18). On the other hand, some VSSs includ-
ing cricket paralysis virus 1A (CrPV-1A) and nora virus
VP1 (NV-VP1) directly interact with a specific Ago protein
(fly Ago2 for CrPV-1A and NV-VP1) to block the target
cleavage activity of RISC, without affecting dsSRNA pro-
cessing by Dicer or siRNA loading into Ago (19,20).

It is thought that the target cleavage reaction of RISC
can be separated into at least four steps: (i) initial search-
ing of potential targets via base pairing in the ‘seed’ region
of the guide strand (positions 2-7 or 8), (ii) propagation of
base pairs toward the 3’ direction, (iii) extensive base pairing
leading to a conformational change of Ago to its cleavage-
competent form and (iv) catalysis of target cleavage by Ago
(21-26). Although previous studies have demonstrated that
CrPV-1A and NV-VPI inhibit the target cleavage reaction
of pre-assembled fly Ago2-RISC (19,20), it remains un-
known at which fundamental step(s) of the above pathway is
targeted for suppression. Here, by utilizing biochemical and
single-molecule imaging techniques, we analyzed the effect
of CrPV-1A during target recognition and cleavage. Our re-
sults together show that CrPV-1A obstructs the initial tar-
get searching by Ago2-RISC via the seed base pairing. The
combination of biochemistry and single-molecule imaging
may help to pave the way for precise understanding of the
mode of action of VSSs with diverse functions.

MATERIALS AND METHODS
Plasmid constructions

pCold I1I-CrPV-14, DCV-14 and FHV-B2. DNA frag-
ments coding CrPV-1A (AF218039), DCV-1A (NP044945)
and FHV-B2 (P68831) were amplified from synthetic DNAs
(Genscript) and then cloned into pCold 11 (Takara) by In-
Fusion HD cloning kit (Clontech).
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Preparation of RNAs

The 182-nt RNAs for the target cleavage assay with
let-7, SGC, 3GC1 and 3GC2 siRNAs (23) were in vitro
transcribed using T7-Scribe Standard RNA IVT Kit
(CELLSCRIPT) from PCR products that were amplified
with pGL3-basic (Promega) as a template using primer
pairs  (5-GCGTAATACGACTCACTATAGTCACAT
CTCATCTACCTCC-3') plus (5-CCCATTTAGGTGA
CACTATAGATTTACATCGCGTTGAGTGTAGAA
CGGTTGTATAAAAGGTTGAGGTAGTAGGTTGT
ATAGTGAAGAGAGGAGTTCATGA-3), (5-GCG
TAATACGACTCACTATAGTCACATCTCATCTACC
TCC-3") plus (5-CCCATTTAGGTGACACTATAGAT
TTACATCGCGTTGAGTGTAGAACGGTTGTATA
AAAGGTTCCGCCCGTAGGTTGTATAGTGAAGA
GAGGAGTTCATGA-3), (5-GCGTAATACGACTCA
CTATAGTCACATCTCATCTACCTCC-3) plus (5-C
CCATTTAGGTGACACTATAGATTTACATCGCG
TTGAGTGTAGAACGGTTGTATAAAAGGTTGAG
GTAGTAGCCGCTATAGTGAAGAGAGGAGTTCA
TGA-3), (5-GCGTAATACGACTCACTATAGTCAC
ATCTCATCTACCTCC-3') plus (5-CCCATTTAGGT
GACACTATAGATTTACATCGCGTTGAGTGTAG
AACGGTTGTATAAAAGGTTGAGGTAGTAGCCG
CCCTAGTGAAGAGAGGAGTTCATGA-3'), respec-
tively. The RNAs were gel purified and cap-radiolabeled
using ScriptCap m’G Capping System (CELLSCRIPT)
and [a-3?P]-GTP. Target binding assay was performed
using the following synthetic 31-nt 2’-O-methylaed RNA
oligos: perfect target (5-UCUUCACUAUACAACCU
ACUACCUCAACCUU-3) and seed-only target (5-UC
UUCUGAUAUGUUGGAUCUACCUCAACCUU-3)
(GeneDesign). The target RNAs were 5 3>P-radiolabeled
using T4 Polynucleotide Kinase (Takara) and [a-*’P]-
ATP. Single-molecule experiments were performed with
a 5'-biotinized 3'-Cy3-labeled synthetic 59-nt RNA oligo
(5'-BiotinTEG-GGGCAACAACAACAACAACAACA
ACAACAACAACAAACUAUACAACCUACUACCU
CACA-Cy3-3) (IDT). 3-CyS-labeled guide RNA was
previously described (23).

Expression and purification of recombinant VSSs

N-terminally His-tagged recombinant proteins of CrPV-
1A, DCV-1A and FHV-B2 were expressed in Escherichia
coli Rosetta2 strain (Merck Millipore). Typically, the cells
in 1-litre cultures with 100 pg/ml ampicillin were culti-
vated to an ODggo of 0.4-0.5 at 37°C and then grown at
15°C overnight with 1 mM isopropyl-B-D-thiogalactoside
(IPTG). The cell pellets were resuspended in His A buffer
(30 mM HEPES-KOH pH 7.4, 200 mM KOAc, 2 mM
Mg(OAc),, 5% glycerol, 20 mM imidazole-HCI (pH 7.5),
0.2 mM TCEP) containing 1 x EDTA-free protease in-
hibitor cocktail (Roche), sonicated and centrifuged at 10
000 x g for 20 min. The supernatant was loaded onto His-
Trap FF crude 5 ml (GE Healthcare Life Sciences) and
eluted with a linear gradient from His A buffer to His B
buffer (His A buffer containing 400 mM imidazole) using
AKTA purifier (GE Healthcare Life Sciences). The peak
fractions were collected and buffer-exchanged to 30 mM
HEPES-KOH (pH 7.4), 100 mM KOAc, 2 mM Mg(OAc),,

10% glycerol, | mM DTT with PD-10 (GE Healthcare Life
Sciences). All purified proteins were flash-frozen in liquid
nitrogen and stored at —80°C. The concentrations of the
proteins were measured by SDS-PAGE with defined dilu-
tions of BSA as concentration standards after CBB staining
of the gel.

Expression of FLAG-Ago2

N-terminal 3 x FLAG-tagged proteins were expressed from
PAFW (Drosophila Gateway vector collection) vectors in
S2 cells. The cell lysate was prepared as previously reported
(27).

Immunopurification of FLAG-Ago2-RISC

Typically for five reactions, 20 pnl Dynabeads Protein G
(Invitrogen) were equilibrated with lysis buffer (30 mM
HEPES-KOH (pH 7.4), 100 mM KOAc, 2 mM Mg(OAc),),
incubated with 0.67 pl of 1 mg/ml anti-FLAG M2 anti-
body (F1804, Sigma) for 30 min at 4°C, and washed twice
with lysis buffer. In parallel, lysate from S2 cells expressing
FLAG-Ago2 was incubated with 10 nM /let-7 siRNA du-
plex, Il mM ATP, 25 mM creatine monophosphate (Fluka),
0.03 U/l creatine kinase (Calbiochem), 0.1 U/l RNasin
Plus (Promega), and lysis buffer in 10 w1 for 30 min at 25°C.
After RISC assembly, 10 wl of the reaction mixture was
mixed with the anti-FLAG beads and incubated for 2 h at
4°C. Beads were washed five times with wash buffer (lysis
buffer containing 800 mM NaCl, 1% Triton X-100), rinsed
twice with lysis buffer, and then split into tubes for further
analysis.

Target RNA cleavage assay in S2 cell lysate

Lysate from S2 cells was incubated with 50 nM lez-7, SGC,
3GCl1 or 3GC2 siRNA duplex (23), 1 mM ATP, 25 mM
creatine monophosphate (Fluka), 0.03 U/l creatine kinase
(Calbiochem), 0.1 U/ul RNasin Plus (Promega), and lysis
buffer in 10 wl for 30 min at 25°C. After RISC assembly,
0.35 wM recombinant VSSs were added and incubated for
10 min at 25°C. Then, 1 pl of 10 nM cap-radiolabeled target
RNA (182-nt) was added to the reaction and incubated at
25°C for 10 min. Target RNAs were analyzed on 8% urea
gel, as described previously (28). Gels were dried and im-
aged by Typhoon FLA 7000 (GE Healthcare Life Sciences).
For Supplementary Figure S2, the reactions were diluted
twice with lysis buffer after RISC assembly. Then, the indi-
cated concentrations of CrPV-1A were added and incubated
for 10 min at 25°C. Finally, 0.25 nM cap-radiolabeled target
RNAs were added and incubated for 20 min at 25°C.

Target RNA binding and cleavage assay with immunopurified
FLAG-Ago2

After immunopurification of let-7 programmed FLAG-
Ago2-RISC, recombinant VSSs were added in lysis buffer
at the indicated concentrations and incubated for 10 min
at 25°C. For the cleavage assays, 1 wl of 10 nM cap-
radiolabeled target RNA (182-nt) was added to the reaction
and incubated at 25°C for 10 min. For the binding assays, 1



pl of 10 nM radiolabeled 2’-O-methylated target RNA (31-
nt) was added to the reaction and incubated at 25°C for 30
min, followed by three times wash with lysis buffer contain-
ing 0.1% Triton X-100. Purification and detection of target
RNAs were performed as described above.

Single-molecule imaging

Flow chambers in which Cy3-labeled 1-5 nM target RNAs
were anchored on polyethylene glycol (PEG)-coated quartz
slides were prepared and single-molecule images were visu-
alized as described previously (23,29-31). Typically, lysate
from S2 cells overexpressing FLAG-Ago2 was first pro-
grammed with 50 nM /ez-7 siRNA with Cy5-labeled guide
RNA for 30 min. The mixture was then 5x diluted by naive
S2 lysate and 20 pl of it was infused into the flow chamber
under the O2 scavenger system (32). The Cy3 and Cy5 dyes
were illuminated and images were acquired as described
previously (23). Images were taken at a frame rate of 1
frame/s, and the observations were performed at 22 + 1°C.
Single-molecule images were visualized by a total internal
reflection fluorescence (TIRF) microscope as previously de-
scribed (23). The images were pseudo-colored in green for
Cy3-labaled target and in red for Cy5-labaled Ago2-RISC
in Figure 3C.

Data analysis

Images were analyzed using Imagel] software (http://rsb.
info.nih.gov/ij/) as previously describe (29). The fluorescent
intensity of the spots was measured using 6-pixel-diameter
circular regions of interest (ROIs). For Figure 4, many green
target spots were first picked up randomly, then the behav-
ior of each spot was analyzed in an unbiased manner. After
obtaining all the traces, those that do not match either of the
three categories (e.g. disappearance of the green target spot
without any co-localization of the red RISC spot—this pre-
sumably reflects either photobleaching of the green dye dur-
ing observation or a contamination of the unlabeled guide
strand in the chemical synthesis) were excluded from the
analysis. Therefore, the three categories do not sum up to
100% in Figure 4. To determine the first binding time of
Ago2-RISCin Figure 5, data were fitted by non-linear least-
squares to the following equation: C1 x (1 — exp(-¢/C2)),
where C1 is a normalized parameter, C2 is the time for the
first binding for Figure 5. All graphs and fitting curves were
generated using KaleidaGraph (Synergy Software) or Igor
Pro (Wavemetrics).

RESULTS AND DISCUSSION

CrPV-1A blocks an early step in target RNA recognition by
Drosophila Ago2-RISC

CrPV-1A is known as a VSS that specifically represses the
target cleavage activity of Drosophila Ago2-RISC down-
stream of siRNA production (Figure 1A and B). Indeed,
as previously reported, Ago2-RISC programmed with an
artificial siRNA in crude lysate from Drosophila S2 cells
failed to cleave a perfectly complementary target RNA in
the presence of purified recombinant CrPV-1A, whereas
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two other insect VSSs, DCV-1A, FHV-B2, did not inhibit
the target cleavage reaction (Figure 1C, Supplementary Fig-
ure S1) (15-17,19). The inhibitory effect of CrPV-1A on
target cleavage was comparable when additional GC pairs
were introduced in the seed region or the 3’ supplementary
region (Supplementary Figure S2). To confirm that CrPV-
1A acts directly on Ago2-RISC, we immunopurified pre-
programmed Ago2-RISC onto paramagnetic beads, added
increasing concentrations of recombinant VSSs, and then
monitored the target cleavage reaction (Figure 1D). Again,
CrPV-1A but not DCV-1A or FHV-B2 specifically inhibited
target cleavage by immunopurified Ago2-RISC in a dose-
dependent manner (Figure 1E and F).

Might CrPV-1A block the base pairing between the guide
strand of Ago2-RISC and its complementary target RNA,
or interfere with the endonucleolytic ‘slicer’ activity of
Ago2? To specifically monitor the target binding step in-
dependently of the subsequent slicing step, we utilized 2'-
O-methylated (2'-O-Me) target RNA oligonucleotides that
are refractory for RISC-mediated cleavage (Figure 2A and
B). We first programmed and immunopurified Ago2-RISC,
pre-incubated with increasing concentrations of CrPV-1A
for 10 min, and then added a radiolabeled 2'-O-Me tar-
get RNA perfectly complementary to the guide strand. Af-
ter 30-min incubation, we measured the amounts of the
2’-0-Me target bound to Ago2-RISC on beads. Impor-
tantly, CrPV-1A significantly inhibited the binding between
Ago2-RISC and the target 2'-O-Me RNA (Figure 2C and
D), whereas DCV-1A or BSA did not affect the binding
(Supplementary Figure S3). Moreover, the inhibitory ef-
fect of CrPV-1A on target recognition was much stronger
for Ago2-RISC than for Ago1-RISC (Supplementary Fig-
ure S4), in agreement with a previous notion that CrPV-1A
preferentially interacts with Drosophila Ago2 but not Agol
(19). These data together suggest that CrPV-1A blocks tar-
get RNA binding by Drosophila Ago2-RISC.

It is well established that Ago proteins divide their guide
RNAs into individual functional domains. The seed re-
gion (guide positions 2-8) plays a central role in initial tar-
get searching, while subsequent propagation of base pair-
ing through the central region toward the 3’ region is re-
quired for Ago to adopt a cleavage-competent conforma-
tion (21-26). This can be viewed as a sophisticated mech-
anism to limit ‘off-target’ cleavage of only partially com-
plementary RNAs. To ask if CrPV-1A can block early tar-
get RNA recognition, we prepared a 2'-O-Me target RNA
with seed complementarity only and repeated the target-
binding assay by immunopurified Ago2-RISC (Figure 2E).
The target-bound fraction of the ‘seed only’ 2'-O-Me target
RNA was significantly decreased by increasing concentra-
tions of CrPV-1A (Figure 2F and G), similarly to the case
of the perfectly complementary 2'-O-Me target RNA (Fig-
ure 2C and D). Thus, CrPV-1A interferes target binding by
Ago2-RISC as early as the seed recognition step.

Single-molecule observation of the effect of CrPV-1A in tar-
get recognition and cleavage

To better understand the mode of action of CrPV-1A dur-
ing target recognition and cleavage by Ago2-RISC, we uti-
lized single-molecule analysis by total internal reflection flu-
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Figure 1. CrPV-1A inhibits the target cleavage reaction by Ago2-RISC. (A) A scheme for the mode of action of representative VSSs during the multi-step
pathway of RNA silencing. (B) The genome structure of cricket paralysis virus. The silencing suppressor protein 1A is encoded at the N-terminal of ORF-1
(red rectangle). Hel: helicase, pro: protease, RARP: RNA-dependent RNA polymerase, VP: viral structural ptotein. (C) Target cleavage assay in crude lysate
from S2 cells. As previously reported, CrPV-1A, but not DCV-1A or FHV-B2, inhibited the cleavage reaction. The recombinant proteins were added at the
concentration of 0.35 wM. (D) The experimental procedure of the target cleavage assay by immunopurified Ago2-RISC in E. (E) Target cleavage assay by
immunopurified Ago2-RISC. The recombinant proteins were added at the concentrations of 0.05-1.0 wM. (F) Quantification of the cleavage assay in E.
Error bars indicate the SD (standard deviation) from three independent experiments.
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Figure 2. CrPV-1A inhibits target binding by Ago2-RISC. (A) The experimental procedure of the target binding assay by immunopurified Ago2-RISC in
C and F. (B) The guide-target configuration used in C. The base pairing was perfectly complementary between the guide strand and the target RNA. (C)
CrPV-1A was added at the concentrations of 0.01-1.0 wM in the target binding assay. Mock indicates mock immunopurification from naive S2 lysate. (D)
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at the concentrations of 0.01-1.0 .M in the target binding assay. Mock indicates mock immunopurification from naive S2 lysate. (G) Quantification of the
binding assay in E. Error bars indicate the SD from three independent experiments.

orescence (TIRF) microscopy (Figure 3A) (23,29-31). We
first prepared Ago2-RISC programmed with 3'-Cy5-labeled
guide strand (red RISC) in S2 cell lysate. We then tethered
3’-Cy3-labeled target RNA (green target) to a glass surface,
incubated with S2 lysate containing red RISC in the pres-
ence or absence of CrPV-1A, and took snap-shot images at
0 and 15 min. Without CrPV-1A, we could observe many
red RISC spots co-localizing with green target spots on
the glass surface, indicative of target recognition by Ago2-
RISC (Figure 3B, left). Moreover, the number of green tar-
get spots was markedly decreased with time (Figure 3C), re-
flecting target cleavage and release by Ago2-RISC. In con-
trast, in the presence of CrPV-1A, the number of the green
target spots was only modestly decreased with time (Fig-
ure 3B, right and C). A similar decrease of green spots was
observed with tethered targets alone and no S2 cell lysate,
indicating that the modest decrease of the green spots in
the presence of CrPV-1A was largely due to photobleaching
and not target cleavage (Figure 3C). We concluded that the
activity of CrPV-1A in blocking the function of Ago2-RISC
can be faithfully monitored in our single-molecule observa-
tion setting.

We then continuously monitored target recognition and

cleavage by Ago2-RISC for 20 min. In the absence of CrPV-
1A, 64.9% of randomly chosen green target spots (N = 925)
showed co-localization with red RISC spots, followed by
the simultaneous disappearance of the red and green spots,
indicating successful target cleavage and release (‘bind-
ing and cleavage’; Figure 4, left). 6.5% of analyzed green
spots showed only temporary co-localization with red RISC
spots, reflecting target binding without cleavage (‘binding
only’; Figure 4, middle). Notably, a weak FRET (fluores-
cence resonance energy transfer) signal was observed be-
tween the co-localized green target and red RISC for ‘bind-
ing and cleavage’ but not for ‘binding only’. The apparent
absence of the FRET signal in ‘binding only’ may reflect a
transient binding of RISC to a non-target site (33,34) re-
mote from the Cy3 dye at the 3’ end of the target RNA, but
future studies are needed to reveal the actual situation. No
red RISC binding was observed for 11.2% of the analyzed
green target spots (‘no binding’; Figure 4, right) during 20
min.

In the presence of CrPV-1A, however, a remarkably dif-
ferent RISC population was observed. Among randomly
chosen green target spots (N = 1123), 69.1% showed no
co-localization with red RISC spots (Figure 4, right), sup-
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porting our biochemical finding that CrPV-1A blocks tar-
get recognition by Ago2-RISC (Figure 2). In contrast, only
6.5% showed successful target cleavage and release (Figure
4, left) and 5.1% showed target binding without cleavage.
Interestingly, the time required for the first target binding
by Ago2-RISC was much extended by CrPV-1A; the time
constant (1) for the first binding was ~220 s in the ab-
sence of CrPV-1A but was ~640 s in the presence of CrPV-
1A (Figure 5A and B). On the other hand, when focused
on the traces with successful target cleavage, only a single

binding event was required before target cleavage in most
cases, regardless of the presence (N = 64/65) or absence (N
= 414/430) of CrPV-1A, indicating that essentially every
Ago2-RISC cleaved the target before dissociating from it.
Thus, CrPV-1A acts to slow the association rate (ko) in the
initial interaction between Ago2-RISC and complementary
target RNAs. This is reminiscent of the previously reported
effect of a mismatch in the seed region, which showed ~3-
fold longer T for the first target binding than the fully paired
target binding and required virtually a single binding event
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Figure 5. CrPV-1A inhibits initial target association by Ago2-RISC. (A) A schematic presentation of the time required for the first binding. (B) Cumulative
plot for the time required for first binding. Ago2-RISC required ~3-fold longer time to initiate target binding in the presence of CrPV-1A. a.u., arbitrary

unit.

before target cleavage (23); the situation was remarkably
different when mismatches were present at the guide posi-
tions 14 and 15 in the 3’ supplementary region, where Ago2-
RISC required multiple binding events before cleavage, pre-
sumably because Ago2-RISC dissociates from the target be-
fore being able to take the cleavage-competent conforma-
tion (23). Taken all together, we conclude that CrPV-1A in-
terferes with the initial target recognition by Ago2-RISC via
base pairing in the seed region. Accordingly, we envision
that CrPV-1A directly binds and plug the target-binding
cleft of Ago2-RISC. Future structural studies are warranted
to understand the unique mechanism of how CrPV-1A sup-
presses the target recognition by Drosophila Ago2-RISC at
the atomic level.
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