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Two amino acids near the N-terminus of Cucumber mosaic virus 2b
play critical roles in the suppression of RNA silencing and

viral infectivity
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SUMMARY

Cucumber mosaic virus (CMV) 2b suppresses RNA silencing pri-
marily through the binding of double-stranded RNA (dsRNA) of
varying sizes. However, the biologically active form of 2b remains
elusive. Here, we demonstrate that the single and double alanine
substitution mutants in the N-terminal 15th leucine and 18th
methionine of CMV 2b exhibit drastically attenuated virulence in
wild-type plants, but are efficiently rescued in mutant plants defec-
tive in RNA-dependent RNA polymerase 6 (RDR6) and Dicer-like 4
(DCL4). Moreover, the transgenic plants of 2b, but not 2blm (L15A/
M18A), rescue the high infectivity of CMV-A2b through the sup-
pression of antiviral silencing. L15A, M18A or both weaken 2b
suppressor activity on local and systemic transgene silencing. In
contrast with the high affinity of 2b to short and long dsRNAs, 2bim
is significantly compromised in 21-bp duplex small interfering RNA
(siRNA) binding ability, but maintains a strong affinity for long
dsRNAs. In cross-linking assays, 2b can form dimers, tetramers and
oligomers after treatment with glutaraldehyde, whereas 2bim only
forms dimers, rather than tetramers and oligomers, in vitro.
Together, these findings suggest that L15 and M18 of CMV 2b are
required for high affinity to ds-siRNAs and oligomerization activity,
which are essential for the suppression activity of 2b on antiviral
silencing.

Keywords: 2b, Cucumber mosaic virus, oligomerization, RNA
binding, RNA silencing, suppressor.

INTRODUCTION

RNA silencing is a conserved and sequence-specific pathway that
triggers RNA degradation, protein translation inhibition, DNA
methylation and heterochromatin formation in eukaryotic
genomes (Baulcombe, 2004, 2005; Kanazawa, 2008; Malone and
Hannon, 2009; Meins et al., 2005; Voinnet, 2005). In addition to
regulating eukaryotic development, RNA silencing also contributes
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to antiviral immunity in plants and invertebrates, as well as in
mammals (Ding and Voinnet, 2007; Li et al., 2013; Maillard et al.,
2013; Pumplin and Voinnet, 2013). In antiviral silencing pathways,
21-30-nucleotide-long viral small interfering RNAs (siRNAs) from
viral-specific double-stranded RNAs (dsRNAs) are produced by
RNaselll enzymes called Dicers, and these siRNAs are subsequently
assembled with Argonaute (AGO) proteins into RNA-induced
silencing complexes (RISCs) that guide the specific cleavage of
genomic RNA of invading viruses (Baulcombe, 2005; Ding and
Voinnet, 2007; Malone and Hannon, 2009). In addition to Dicer and
AGO proteins, cellular RNA-dependent RNA polymerases (RDRs)
are also involved in reinforcing the host silencing responses
through the amplification of secondary siRNAs (Andika et al., 2013;
Dalmay et al., 2000; Diaz-Pendén and Ding, 2008; Garcia-Ruiz
etal., 2010; Li et al., 2014; Qu, 2010; Qu et al., 2005; Schwach
et al., 2005; Vaistij and Jones, 2009; Wang et al., 2010, 2011; Xie
etal., 2001; Ying et al., 2010). To counter RNA silencing and infect
hosts effectively, viruses have evolved more than 35 families of viral
suppressors of RNA silencing (VSRs) to interfere with various steps
of antiviral silencing (Diaz-Penddn and Ding, 2008; Li and Ding,
2006; Pumplin and Voinnet, 2013). Although VSRs have strikingly
diverse sequences and specific functions, they share some similar
suppression strategies and biochemical properties (Diaz-Penddn
and Ding, 2008; Ding and Voinnet, 2007; Li and Ding, 2006). For
instance, interactions with long dsRNAs and duplex siRNAs are
common features of a large number of VSRs (Duan et al., 2012;
Gonzdlez et al., 2012; Lakatos et al., 2006). In addition, protein
components of silencing processes are also targeted by some VSRs
to inhibit RNA silencing (Burgyan and Havelda, 2011; Wu et al.,
2010).

Cucumber mosaic virus (CMV) is an economically important
pathogen with a broad host range of more than 1200 plant
species (Palukaitis and Garcia-Arenal, 2003). The CMV-encoded 2b
protein was one of the first identified VSRs (Brigneti et al., 1998),
and is also an essential pathogenesis factor for viral infection that
manifests its activities by a markedly reduced virulence of
2b-deficient mutant viruses (Diaz-Pendén and Ding, 2008; Ding
et al., 1994, 1995; Gonzalez et al., 2010; Wang et al., 2010, 2011).
The 2b protein is a unique suppressor that exhibits multiple
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features, including direct interaction with AGO proteins and the
binding of short and long dsRNAs, as well as targeting of the
nucleus and nucleolus activities (Duan et al., 2012; Goto et al.,
2007; Hamera et al., 2012; Zhang et al., 2006). The N-terminus of
the 2b protein contains one or two nuclear localization signals
(NLSs) that are required for RNA binding activities (Lucy et al.,
2000; Wang et al., 2004). Recently, Duan et al. (2012) demon-
strated the detailed characterization of the 2b protein of the CMV
SD strain and determined specific domains required for multiple
features. In spite of the multiple functions of 2b, only dsRNA
binding, but not nuclear targeting or interaction with AGOs, is
required for suppression of post-transcriptional gene silencing
(Duan et al., 2012; Gonzalez et al., 2010, 2012). In the context of
viral pathogenicity, however, 2b nuclear localization is indispen-
sable for virulence and inhibition of RNA-directed DNA
methylation (RADM) (Du et al., 2014; Duan et al., 2012).

To date, the crystal structures of several classical suppressors
have been characterized. For instance, tombusvirus p19 forms
head-to-tail homodimers, such as an ‘siRNA caliper’ that specifi-
cally sequesters 21-bp dsRNAs (Vargason et al., 2003; Ye et al.,
2003). The B2 dimeric structure of Flock house virus (FHV) shows
affinity to one face of dsRNAs, but not the duplex ends, indicating
that B2 binds to dsRNAs independent of their length (Chao et al.,
2005). Similar to p19, the NS3 protein of Rice hoja blanca tenuivirus
(RHBV) binds to duplex siRNA in head-to-tail homodimers (Yang
etal., 2011). However, the crystal structure reveals that Tomato
aspermy virus (TAV) 2b first forms a dimer and binds to dsRNAs, and
then two dimers and dsRNA complexes form tetramers through
hydrogen bonds between the conserved leucine-rich motifs at the
2b N-terminus (Chen et al., 2008; Hoffmann et al., 2008).

Compared with the L8/111/L15/M18 signature required for TAV
2b tetramer formation (Chen et al., 2008), only L15 and M18 are
well conserved in 2b of CMV subgroup I. In this work, we generated
a point mutant in the 2b gene of the CMV Fny strain, in which the
conserved L15 and M18 residues were substituted with two
alanines (2blm), and examined the active form associated with
suppressor activity and viral pathogenicity. We demonstrated that
the L15 and M18 residues of 2b are essential for 21-bp duplex
siRNA binding and oligomerization activity, which play pivotal roles
in interfering with RDR6- and Dicer-like 4 (DCL4)-dependent anti-
viral silencing. Our results also suggest that other amino acids in
addition to those of the R-rich domain of 2b are also required for
siRNA binding activity. The possible function of 2b oligomerization
in the suppression of RNA silencing is discussed.

RESULTS
Alignment of 2b sequences and construction of CMV
2b point mutants

Although previous studies have revealed many features of CMV
2b in RNA silencing suppression activity, the biologically active

form of CMV 2b in the complex is largely unknown. The crystal
structure of TAV 2b has revealed that the tetrameric structure
consists of four molecules of 2b and two dsRNAs in a complex
mediating high suppressor activity (Chen et al., 2008). Although
TAV 2b shares a homologous sequence with CMV 2b, the two
suppressors possess certain different features in RNA silencing
suppression activity and symptom induction. A leucine-zipper-like
motif (residues L8, 111, L15 and M18) in the N-terminus of TAV 2b
contributes to tetramer formation (Chen et al., 2008). Sequence
alignments of the 2b protein between TAV 2b and CMV subgroups
| and Il show that L15 is conserved in 2b sequences and M18 is
only present in the 2b sequences of TAV and CMV subgroup |
(Fig. 1A). In previous studies, none of these residues has been
shown to be involved in dsRNA binding activity in crystallographic
data of TAV 2b (Chen et al., 2008) or in the nucleus and nucleolus
localization (Duan et al., 2012).

To determine whether the residues are required for viral infec-
tivity, we generated the alanine substitutions of L15 and M18 in
the 2b gene of CMV Fny strain (Fig. 1B). As the overlapping
sequences of 2b and 2a are in alternative reading frames, the 2b
point mutant (L15A/M18A) also results in substitutions of T792
and Y795 with $792 and C795 in the C-terminus of the 2a protein
(Fig. 1B). The single and double point mutant viruses are referred
to as CMV-2bl (L15A), CMV-2bm (M18A) and CMV-2blm (L15A/
M18A), respectively (Fig. 1B).

CMV-2blm mutant virus is suppressed by
RDR6-dependent antiviral silencing

To investigate the functions of L15 and M18 in viral infection, we
first compared the responses of wild-type Arabidopsis with single,
double and triple null mutants of RDRs (RDR1, RDR2 and RDR6)
inoculated with wild-type CMV and CMV-2blm, respectively, at 21
days post-infiltration (dpi) (Fig. 2A). In agreement with previous
studies (Wang et al., 2010), wild-type plants and all the rdr mutant
plants developed obvious susceptible symptoms after infection
with wild-type CMV (Fig. 2A). By sharp contrast, CMV-2bIm only
induced severe disease symptoms in plants harbouring RDR6-
deficient mutations, including rdr6, rdr1/6, rdr2/6 and rdr1/2/6, but
not in wild-type, rdrl, rdr2 and rdr1/2 plants (Fig. 2A). These
results clearly demonstrate that RDR6 has a dominant role in
defence against CMV-2bim. Moreover, similar responses of the
rdr6 single mutant with rdr1/6 and the rdr2/6 double mutant to
CMV-2blm challenge suggest that RDR1 and RDR2 do not confer
resistance to CMV-2bim (Fig. 2A).

We further carried out RNA gel blot hybridizations to compare
the accumulation of viral RNAs in wild-type and mutant plants
infected with CMV or CMV-2blm at 21 dpi. The viral genomic RNA
and sub-genomic RNA (sgRNA) of the wild-type virus accumulated
to similar levels in both wild-type and various rdr mutant plants
(Fig. 2B, left panel), consistent with the symptom observations.
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Fig. 1 Alignment of 2b protein sequences and schematics showing Cucumber mosaic virus (CMV) 2b point mutants. (A) Alignment of 2b protein sequences from

Tomato aspermy virus (TAV) and different CMV subgroup | and Il isolates. All of the sequence alignments are from the N-terminal 61 amino acids of the diverse 2b
derivatives. The two nuclear localization signal (NLS) sequences are highlighted in grey and underlined. The N-terminal eighth, 11th, 15th and 18th amino acids are
indicated in grey. (B) The nucleotide substitutions (left panel) in the CMV-2blm, CMV-2bl and CMV-2bm virus mutants and the resulting amino acid point mutations
in the 2b (middle panel) and 2a (right panel) regions. The point mutations are highlighted with a grey background and their positions in the genome sequences are

indicated at the bottom.

Fig. 2 Symptom development and viral
accumulation in plants infected with Cucumber
mosaic virus (CMV) and CMV-2bim. (A)
CMV-2blm only induced severe disease
symptoms in plants harbouring RDR6-deficient
mutations, including rd’r6, rdr1/6, rdr2/6 and
rdr1/2/6, but not in wild-type, rdr1, rdr2 and
rdr1/2 plants. Seedlings were photographed at
21 days after inoculation with purified CMV or
CMV-2blm viruses at a concentration of

20 pg/mL. (B) Accumulation of viral genomic
RNA in systemically infected leaves of wild-type
and mutant plants infected with CMV or
CMV-2blm. Methylene blue-stained rRNA was
used as a loading control. It should be noted
that 5 ug and 2 ug of total RNAs were used
for the Northern blot analyses of CMV-2blm
and wild-type CMV viral RNAs. wt, wild-type.
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However, the presence of rdr6 in either a single mutant or in
combination with rdr7 and rdr2 was reproducibly associated with
a markedly increased accumulation of CMV-2bim in the systemi-
cally infected leaves (Fig. 2B, right panel, compare lanes 5, 7, 8 and
9 with lanes 2, 3, 4 and 6).

Collectively, these results clearly show that CMV-2blm is
deprived of the ability to suppress RDR6-dependent antiviral
immunity, but still retains the ability to overcome RDR1- and
RDR2-dependent secondary silencing or host RDR-independent
primary antiviral silencing. However, the wild-type CMV can
induce severe symptoms and accumulate to high levels regardless
of whether RDR6 is functional or inactivated, indicating that CMV
2b can inhibit the RDR6-mediated antiviral pathway.

DCL4-mediated secondary siRNA production is
required for potent antiviral silencing against
CMV-2blm, CMV-2bl and CMV-2bm mutant viruses

During RNA silencing against plus single-stranded RNA viruses,
DCL4 is the dominant antiviral Dicer for the production of
21-nucleotide viral siRNAs (viRNAs) in wild-type plants. When
DCL4 is genetically inactivated or suppressed, DCL2 rescues anti-
viral silencing by generating a large amount of 22-nucleotide
ViRNAs (Bouche et al., 2006; Deleris et al., 2006; Diaz-Pendon
et al., 2007). Accordingly, the inactivation of both DCL4 and DCL2
is necessary to decrease ViRNA production and rescue viral infec-
tion (Bouche et al., 2006; Deleris et al., 2006; Diaz-Pendon et al.,
2007).

Here, we inoculated the dcl2, dc/4 and dcl2/4 mutants with
CMV-2blm, and carried out Northern blotting to compare the
accumulation levels of viral RNA. CMV-2blm accumulated to
higher levels of viral RNA in rdr6, rdr1/6 and dcl/4 than in wild-
type, rdr1 and dcl2 mutant plants (Fig. 3, top panel), suggesting
that the RDR6- and DCL4-dependent pathway is required for
potent antiviral silencing against CMV-2blm. However, the dcl2/4
double mutant plants allowed the highest accumulation of CMV-
2blm RNA among all of the other infected mutants. This suggests
that DCL2 is functional in primary silencing and/or RDR1-
dependent silencing in DCL4-inactivated mutant plants (Fig. 3, top
panel).

To detect the individual effects of L15 or M18 on viral infec-
tion, we also inoculated rdr and dc/ mutant plants with CMV-2bl
or CMV-2bm. In line with the CMV-2blm results, CMV-2bl and
CMV-2bm were also inhibited specifically by potent antiviral
silencing that is dependent on RDR6 and DCL4, but not RDR1
and DCL2 (Fig. 3, two bottom panels). Consistently, CMV-2bl and
CMV-2bm induced severe disease symptoms in rdr6 and rdr1/6,
rather than in wild-type and rdr1 plants (Fig. S1, see Supporting
Information). These results indicate that both L15 and M18 are
necessary for 2b to suppress RDR6- and DCL4-mediated antiviral
immunity.
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Fig. 3 Accumulation of viral genomic RNA in systemic infected leaves of
wild-type and rdr and dc/ mutant plants at 21 days after inoculation with

20 pg/mL of CMV-2bl, CMV-2bm or CMV-2blm. Total RNA (5 pg) was used
for the detection of viral genomic RNAs by Northern blot analyses. Methylene
blue-stained rRNA was used as a loading control. CMV, Cucumber mosaic
virus; wt, wild-type.

CMV 2b, but not CMV-2bim, causes developmental
defects and rescues the accumulation of CMV-A2b in
transgenic Arabidopsis

In addition to the 2blm mutant changes, the substitutions also
affect the overlapping portions of the CMV 2a polymerase gene by
introducing two amino acid substitutions (Fig. 1B). Although the
C-terminus of 2a is not absolutely required for viral RNA replica-
tion, secondary effects of the 2a mutant cannot be ruled out
completely (Wang et al., 2010, 2011). To elucidate the distinct
features of the 2b and 2bIm mutant infection phenotypes, trans-
genic Arabidopsis plants were generated by transformation with
binary vectors in which 2b and 2bim were under the control of the
double 35S promoter. In agreement with a previous study (Zhang
et al., 2006), the 2b transgenic plants exhibited abnormal devel-
opment (Fig. 4A). By contrast, the 2blm transgenic plants did not
exhibit visible morphological changes and appeared to have the
same growth phenotypes as the wild-type plants and the empty
vector transgenic plants (Fig. 4A).

To investigate the suppressor activity of the constitutively
expressed proteins, two independent transgenic lines of 2b and
2blm were inoculated with CMV-A2b, a virus mutant specifically
inhibited by RDR6 in wild-type plants (Wang et al., 2011). RNA gel
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Fig. 4 Transgenic expression of 2b, but not 2blm, affects plant development
(A) and rescues the high levels of infectivity of CMV-A2b (B). Two
independent transgenic 2b and 2blm lines are shown and were mechanically
inoculated with CMV-A2b at a concentration of 20 pg/mL. Total RNAs were
extracted at 3 weeks after inoculation and used for Northern blotting. The
extracted proteins were used in Western blots to assess the accumulation of
CMV CP and transgenic 2b proteins. Methylene blue-stained rRNA and
Coomassie brilliant blue (CBB)-stained protein were used as loading controls
for RNA and protein, respectively. NT and V indicate non-transgenic plants
and empty vector transgenic plants, respectively. CMV, Cucumber mosaic
virus; CP, coat protein.

hybridization and Western blotting were performed to compare
viral RNA accumulation and viral coat protein levels. The results
revealed that transgenic 2b rather than transgenic 2blm supported
higher accumulation levels of viral RNA and coat protein after
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infection with CMV-A2b (Fig. 4B, compare lanes 4 and 5 with
lanes 6 and 7). These results further demonstrate that the L15 and
M138 residues play essential roles in the induction of the symptom
phenotype and rescue of CMV-A2b infectivity by interfering with
RDR6-dependent antiviral immunity.

The 2b L15 and M18 residues are critical for the
inhibition of transgene-induced local and systemic
RNA silencing

In the absence of virus infection, the silencing suppressor
activity of virus-encoded proteins was identified through the
Agrobacterium co-infiltration assay in Nicotiana benthamiana (Li
and Ding, 2006). As RDR1 is naturally mutated in N. benthamiana,
RNA silencing induced by the sense green fluorescent protein
(GFP) transgene is dominantly dependent on RDR6 (Yang et al.,
2004; Ying et al., 2010). Therefore, we examined the suppression
of GFP-induced silencing through co-infiltration with 2b, 2blm and
single mutants 2bl and 2bm. The green fluorescence from the
transient expression of GFP co-infiltrated with the empty vector
disappeared quickly, indicating the potent silencing induced by
GFP mRNA at 3 dpi (Fig. 5A). In contrast, the higher intensity of
GFP fluorescence in plants agroinfiltrated with p19 and 2b at 3
and 6 dpi indicated that GFP silencing is inhibited efficiently by
p19 and 2b (Fig. 5A). In the case of the 2b mutants, the GFP
fluorescence signals after transient co-expression with 2bl, 2bm
and 2blm decreased substantially from 3 to 6 dpi, and exhibited
markedly lower levels than in leaves agroinfiltrated with 2b, but
were slightly more intense than the empty vector infiltrations.
These results demonstrate that 2bl, 2bm and 2blm are compro-
mised remarkably in suppressor activity compared with 2b, but
still retain partial suppressor activity in contrast with the empty
vector (Fig. 5A).

The observation was further verified by Northern blots of GFP
mRNA accumulation in the infiltrated patches, as well as the
corresponding GFP protein levels. CMV 2b showed increased
levels of GFP mRNAs and proteins relative to 2bl, 2bm and 2blm
at 3 and 6 dpi (Fig. 5B). However, 2bl, 2bm and 2blm showed
slightly increased GFP levels relative to the empty vector
(Fig. 5B). The protein levels of the 2b point mutants were also
lower than those of 2b, implying that 2b could inhibit the silenc-
ing targeted to itself (Fig. 5B). Nonetheless, it cannot be ruled
out that the 2b point mutants are less stable than 2b in vivo,
resulting in lower accumulation and less efficient suppression
activity of RNA silencing.

We further evaluated the effect of 2b and mutants on systemic
silencing. The fluorescence derived from transgenic 16¢ GFP was
reproducibly silenced by infiltrated GFP and empty vector in the
upper non-infiltrated leaves, which was suppressed efficiently by
co-expressed p19 at 14 dpi (Fig. 5C). The three independent assays
to detect the extent of systemic silencing revealed that 2b inhibits
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systemic silencing more efficiently than 2blm, 2bl and 2bm
(Fig. 5C). In conclusion, 2blm, 2bl and 2bm show substantially
compromised suppressor activity of transgene local and systemic
silencing.

2blm is compromised in the binding of small duplex
RNAs, but maintains high affinity to long dsRNAs

Given that dsRNA binding is important for suppressor activity, we
subsequently investigated dsRNA binding by CMV 2b and CVM-
2blm in vitro. Unfortunately, we could not purify the full-length
CMV 2b because of the low expression of 2b in Escherichia coli.
Given that previous studies have shown that the N-terminal 61
amino acids of SD CMV 2b retain complete suppressor activity and
dsRNA binding ability (Duan et al., 2012), truncated 2b™" and
2blm"" with N-terminal glutathione-S-transferase (GST) fusions
were expressed in E. coli and purified for binding assays. GST tag
and GST-p19 were also purified as negative and positive controls
for electrophoretic mobility shift assays (EMSAs) (Fig. 6A). GST-

MOLECULAR PLANT PATHOLOGY (2016) 17(2),

1/10
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2b"" exhibited high binding affinity to 21-bp dsRNAs after the
addition of 0.025 pg to the reactions. In the case of GST-2blm"®',
dsRNA binding was only detected in the presence of more than
0.4 ug of GST-2blm"®" (Fig. 6B), indicating that the bound 21-bp
binding capacity of GST-2blm"®' was strongly decreased compared
with that of GST-2b"®'. The negative GST control did not show
detectable dsRNA binding activity in vitro, whereas p19 exhibited
high binding activity to the 21-bp duplex siRNAs (Fig. 6B). Simi-
larly, GST-2blm, GST-2bl and GST-2bm also exhibited a much lower
binding to the 21-bp duplex siRNAs than did GST-2b (Fig. S2, see
Supporting Information). To examine the long dsRNA binding
ability of 2b"®" and 2blm"®', 55-bp dsRNA probes were synthesized
and used in the EMSAs. GST-2b"" and GST-2bim™®" exhibited no
notable differences in the high affinities to the 55-bp dsRNAs
(Fig. 6C).

Collectively, our results demonstrate that L15 and M18 are
critical for the binding affinity of the 21-bp duplex siRNAs, and for
suppressor activity and symptom induction. Although 2blm exhib-
its affinities for long dsRNAs, the binding affinity for 21-bp

173-183 © 2015 BSPP AND JOHN WILEY & SONS LTD
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Fig. 7 Multimerization of CMV 2b and CMV-2bIm in vitro. The purified 2b
and 2blm N-terminal 61 amino acids were treated with different
concentrations of glutaraldehyde (Glu) and separated in sodium
dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels. Samples
were detected by Coomassie brilliant blue staining (A) and Western blotting
(B) with His antibody to evaluate the oligomeric forms of 2b and 2blm. The
monomer and dimer forms are indicated by arrow heads. The tetramer forms
are labelled by arrows. The oligomer forms are labelled by brackets. CMV,
Cucumber mosaic virus.

ds-siRNAs is much lower. The 2blm mutant is also deficient in
suppression of RDR6-amplified silencing induced by viral infection
and the GFP transgene. Therefore, the long dsRNA binding activity
of 2b is not critical for suppressor activity and symptom induction.

L15/M18-dependent oligomerization of CMV 2b in vitro

Chemical cross-linking is widely used to characterize protein—
protein interactions (Sinz, 2006). To gain an insight into the
oligomerization activity of 2b and 2blm in vitro, the truncated
2b"¢'-His and 2bIm™'-His were expressed and purified for cross-
linking assays. Purified 2b"'-His and 2blm"¢'-His were incubated
with 0%, 0.05%, 0.10% and 0.20% of glutaraldehyde solution,
and analysed on sodium dodecylsulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) gels (Fig. 7A), and confirmed by Western
blots with an anti-His-tag antibody (Fig. 7B). Most of the
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untreated 2b"'-His and 2blm"¢'-His were monomers (Fig. 7A,B,
lanes 1 and 5). Following treatment with glutaraldehyde solution,
2b"¢'-His formed dimer- and tetramer-sized bands, and oligomers
were observed in Coomassie brilliant blue-stained gels and
Western blots with the anti-His antibody (Fig. 7A,B, lanes 2—4). In
contrast, the 2blmM'-His protein primarily formed dimers,
rather than tetramers and oligomers, after treatment with
glutaraldehyde (Fig. 7A,B, lanes 6-8). Collectively, wild-type 2b is
prone to the formation of dimers, tetramers and oligomers in vitro,
whereas 2blm only forms dimers. Therefore, L15 and M18 are
required for the oligomerization activity of CMV 2b in vitro.

DISCUSSION

According to previous studies, the NLS motifs of 2b are immersed in
an o-helix that is also directly involved in dsRNA binding (Chen
et al., 2008; Duan et al., 2012). Therefore, it is nearly impossible to
uncouple the functions of RNA binding and nuclear localization in
viral infection through alteration of the NLS motifs (Gonzalez et al.,
2012). In addition to the NLS regions, conserved P* and L** residues
of CMV 2b are also required for binding activity and VSR activity
(Chen et al., 2008; Gonzalez et al., 2012; Xu et al., 2013). In the
current study, we found that the N-terminal 15th leucine and 18th
methionine of FNY CMV 2b were essential for 21-bp duplex RNA
binding activity, but not for long dsRNA binding activity (Fig. 6).
Therefore, our results demonstrate that ds-siRNA binding, but not
long dsRNA binding, has a pivotal role in suppressor activity.
Moreover, our results also indicate that the basic amino acid
regions at the NLS motifs are not sufficient for effective RNA
binding activity of 2b. As 2blm also targets to the nucleus
and nucleolus (Fig. S3, see Supporting Information), our results
convincingly demonstrate that 21-bp duplex RNA binding
activity, rather than nuclear localization, is required for suppressor
activity.

Previous studies have revealed that the self-interaction of CMV
2b is required for VSR activity and viral symptom induction
(Gonzalez et al., 2010; Xu et al., 2013). Moreover, the B2, p19 and
NS3 suppressors have been reported to form dimers that actively
contribute to dsRNA duplex binding via different strategies (Chao
et al., 2005; Vargason et al., 2003; Yang et al., 2011; Ye et al.,
2003). Here, we show that 2blm has weak silencing suppressor
activity even though it can form dimers, and some diminished RNA
binding activity. Therefore, the dimeric structure is required, but
not sufficient, for VSR activity of 2b (Fig. 7). Interestingly, 2blm
lacks the ability to form tetramers and oligomers compared with
2b oligomerization. Our results cannot establish the direct effect
of tetramers and/or oligomers on 2b suppressor activity. It is
unclear at present whether oligomerization of 2b improves the
stability of 2b and the dsRNA complex. In previous studies, the
tobacco calmodulin-like protein has been shown to bind to
the dsRNA binding domains of 2b and other VSRs, which are then

degraded by autophagy-related systems (Nakahara et al., 2012).
Accordingly, it is possible that the tetrameric and/or oligomeric
structures facilitate the hiding of the binding domain to escape
from degradation systems.

In this study, we also showed that the single substitution
mutants, 2bl and 2bm, exhibit similar performance to double point
mutants in both the GFP-associated patch assays and virus infec-
tion (Fig. 5). The 2b L15 residue is well conserved in most CMV and
TAV strains (Fig. 1A). However, the M18 residue is only present in
the 2b region of CMV subgroup |, and is replaced by the L18 amino
acid in CMV subgroup I (Fig. 1A). It remains to be investigated
whether 2b L18 of CMV subgroup Il influences viral pathogenesis.
Previous studies have shown that 2b of CMV Q strain, a typical
strain of subgroup I1, has little effect on the function of miRNA in
transgenic plants, probably as a result of its instability or defi-
ciency in the necessary domains for miRNA function (Lewsey
et al., 2007; Zhang et al., 2006). In contrast, 2b of CMV Fny strain
of subgroup I is very stable and disrupts miRNA function (Lewsey
et al., 2007; Zhang et al., 2006). Here, our results imply that 2b of
CMV Q strain, similar to 2blm, may form oligomers with low
efficiency, resulting in degradation by host-specific proteases.

Most previous studies of VSRs have been performed to assess
the inhibition of silencing induced by exogenous dsRNAs or
overexpressed sense transgenes (Li and Ding, 2006). The mecha-
nistic effects of suppressor activity on viral pathogenicity have
been largely ignored. However, recent studies are beginning to
establish specific genetic roles for VSRs in the silencing of inter-
ference pathways through the rescue of VSR-deficient viruses in
specific mutant hosts that are defective in RNA silencing (Ding and
Voinnet, 2007). We have shown that either RDR6 or RDR1 medi-
ates secondary silencing sufficiently to confer resistance to CMV-
2aTA2b, a mutant deleted in the 2b region and an overlapping
region of the 2a gene (Wang et al., 2010). In contrast, the CMV-
A2b point mutant with an intact 2a gene is suppressed by RDR6-
dependent antiviral silencing (Wang et al., 2011). These studies
have demonstrated that RDR-mediated silencing exhibits antiviral
functions in the absence of 2b expression. In the current study,
comparative analyses of CMV and CMV-2blm directly demon-
strated that 2b exerts VSRs through high affinity to ds-siRNAs
amplified by RDR6 and DCL4 (Figs 2 and 3). However, the dimin-
ished ds-siRNA binding ability of 2blm is not able to sequester the
secondary siRNAs away from RISC. Given that the basic amino
acid motifs close to NLS regions confer the main binding ability of
2b, the low oligomerization of 2blm may directly weaken ds-siRNA
binding activity or independently affect the stability of the 2b
protein. Nonetheless, 2blm still maintains compromised dsRNA
binding and partial VSR activities through its dimeric structure.
Indeed, CMV-2blm could overcome primary silencing and RDR1-
dependent secondary silencing.

In summary, our data indicate that wild-type CMV 2b has high
ds-siRNA affinity and favours tetrameric and oligomeric structures.
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Both features require the presence of L15 and M18 amino acids
and exert essential roles in 2b suppressor activities and viral
virulence, cooperatively or independently. An alternative explana-
tion is that the secondary viral siRNAs amplified by RDR6 and
DCL4 are sequestered by 2b oligomers more efficiently than by
dimeric 2blm. Accordingly, the CMV-2blm strain is only rescued in
the presence of inactivated mutants of RDR6 and DCL4. This
feature of CMV-2bIm will facilitate future genetic studies to screen
novel genes required for RDR6- and DCL4-dependent immunity.

EXPERIMENTAL PROCEDURES

Plant materials

Arabidopsis thaliana mutantlines rdr1-1, rdr2-1, rdr6-15, dcl2-1 and dcl4-2,
and their double and triple mutants, are all in the Columbia (Col) ecotype,
as described previously (Wang et al., 2011). CMV Fny 2b and 2bIm trans-
genic plants were transformed with a binary vector harbouring 2b or 2blm
fused with the N-terminus of a 6 x Myc tag under the control of the 355
promoter. A line was also transformed with the empty vector as a negative
control. Arabidopsis thaliana wild-type, mutants and transgenic lines were
vernalized in the dark at 4 °C, and then transferred into a growth room at
22-23 °Cwith a 10 h/14 h light/dark cycle. The N. benthamiana transgenic
line 16¢ constitutively expresses mGFP as described previously (Baulcombe,
2004). Wild-type N. benthamiana and 16c plants were grown in a growth
room at 25 °C under a 16 h/8 h light/dark cycle.

Virus inoculation

CMV-2blm was obtained by introducing four point mutations at
nucleotides 2461, 2462, 2470 and 2471 in the cDNA clone of CMV RNA2,
which resulted in an L15A/M18A mutation in the 2b coding region, and
T792 Y795 to S792 C795 substitutions in the 2a C-terminal region (Fig. 1).
To obtain CMV-2blm, Fny209 was used as a template to amplify a mutated

Table 1 Primers used in this study.
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fragment with primers 2blm-F and 2blm-R (Table 1), and then self-ligated
to obtain the Fny209-2blm mutant. The in vitro transcripts of RNA1, RNA3
and RNA2-2blm were inoculated on Nicotiana clevelandii for propagation
of CMV-2blm virions. The single mutant CMV-2bl and CMV-2bm mutants
were constructed by point mutations with different primers (Table 1). For
2b detection, we fused a Flag tag to the C-terminus of 2b and 2blm in the
virus context. Purified virions were propagated in N. clevelandii and used
for inocula at a concentration of 20 pg/mL (Wang et al., 2011).

Agroinfiltration and GFP imaging

For transient expression in N. benthamiana, CMV 2b, CMV-2blm, CMV-
2bl and CMV-2bm cDNAs fused to the N-terminus of a Flag tag, as well
as full-length p19, were introduced into the pGD binary vector (Goodin
etal., 2002). Leaves of 4-5-week-old wild-type and 16¢ transgenic
N. benthamiana were co-infiltrated with equal volumes of two
Agrobacterium cultures harbouring sense GFP plus p19-, 2b-, 2blm-, 2bl-
or 2bm-expressing binary vectors or an empty vector control. GFP
fluorescence in the agroinfiltrated plants was observed under a long-
wavelength UV lamp (UVP, Upland, CA, USA) and photographed using a
600D Canon digital camera (Canon, Tokyo, Japan) equipped with a
yellow filter. For local silencing assays, GFP expression was monitored at
3 and 6 dpi. For systemic silencing assays, GFP was monitored and
counted at 14 dpi. Local and systemic silencing assays were indepen-
dently performed at least three times.

RNA blot analyses

Systemically infected leaves were collected from a pool of 15-20 plants for
RNA extractions with Trizol reagent as instructed by the manufacturer
(Invitrogen-Life Technologies, Inc., Carlsbad, CA, USA).We used 5 and 2 ug
of total RNA for RNA detection of mutant virus and wild-type virus by
Northern blot analyses, respectively. Northern blots were performed with
[0-*2P]dCTP randomly labelled ¢DNA probes from 3'-terminal 240
nucleotides of CMV RNA2 as described previously (Wang et al., 2011).

DNA or RNA Oligos Sequences

Putative function

5'GUCACUACUAUGGGUUAUGAGS3'
5'CAUAACCCAUAGUAGUGACUG3'

SiIGFP-1 RNA
siGFP-2 RNA

55-nt sense RNA
55-nt antisense RNA

2b-F1 5'CAAGCTTATGGAATTGAACGTAGGTGC3'
2b-R1 5'CGGATCCTCATTTGTCGTCATCGTCTTTG3'
2b-F2 5'TCCCCCGGGATGGAATTGAACGTAGGTGC3!
2b-R2 5'CGAGCTCTCAGGCATAGTCTGGGACGTC3!
2bNE'-F1 5'CGCGGATCCATGGAATTGAACGTAGG3'

5'GAUGCAUUGUGCACUACGACUACUGCUCACUCGACGUAUAUAUCAGGCGACACAGS'
5'CUGUGUCGCCUGAUAUAUACGUCGAGUGAGCAGUAGUCGUAGUGCACAAUGCAUCS!

21-bp duplex siRNAs for EMSA
Long dsRNA for EMSA
pGD-2b/2blm/2bl/2bm
35S-6myc-Fny2blm

PGEX-KG-Fny2b N°'/2blmN®’

2bNe-R1 5'CCCAAGCTTTCAATCCACTTGATAGAACG3'

2bN®'-F2 5' CATGCCATGGATGGAATTGAACGTAGGTG 3' pET28a- Fny2b N6'/2bImN®’
2bN®'-R2 5' CCGCTCGAGGAAAGCACCTTCCG 3

GFP-F 5'TAATACGACTCACTATAGACGGAAACATCCTCGGCCAC3' GFP probe for Northern blot
GFP-R 5'TTATTTGTATAGTTCATCCATGCCATG3'

2blm-F 5'CGTGCGGTGGAGGCGAAGAAGCAGAG3' Obtain CMV-2blm

2bim-R 5'AGCCGCTTGGAGTTCGACGTTTGTCATTG3'

2bl-F 5'CGTATGGTGGAGGCGAAGAAGCAGAG3' With 2blm-R to obtain CMV-2bl
2bm-R 5'AGCCAGTTGGAGTTCGACGTTTG3' With 2blm-F to obtain CMV-2bm

CMV, Cucumber mosaic virus; dsRNA, double-stranded RNA; EMSA, electrophoretic mobility shift assay; GFP, green fluorescent protein; nt, nucleotide; siRNA, small

interfering RNA.
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Similarly, 5ug of total RNA were extracted from infiltrated
N. benthamiana and used for GFP detection with a probe corresponding to
the P region of GFP cDNA.

Western blot analysis

Soluble protein samples extracted from viral-inoculated or agroinfiltrated
leaf tissue were suspended in SDS buffer [100 mm Tris (pH 6.8), 20%
glycerol, 4% SDS, 0.2% bromophenol blue, 10% B-mercaptoethanol]. Total
proteins were separated in 12.5% SDS-PAGE gels, transferred onto nitro-
cellulose membranes, and tested for GFP and 2b expression using anti-GFP
antibodies (1 : 1000) and an anti-flag antibody (1 : 5000, Abmart, Shang-
hai, China), respectively. Goat anti-rabbit immunoglobulin G (IgG) conju-
gated with alkaline phosphatase was used as secondary antibody, and the
membranes were incubated in 5-bromo-4-chloro-3-indolyl phosphate
disodium salt (NBT-BCIP) solution as instructed (Sigma-Aldrich Corp, St.
Louis, MO, USA).

Protein expression and EMSA

To generate GST-2b"" and GST-2blm"¢" proteins, coding sequences for the
N-terminal 61 amino acids of 2b and 2blm were individually amplified,
engineered into the pGEX-KG vector and transformed into E. coli strain
BL21 (DE3 plyss strain). Recombinant proteins were expressed at 20 °C by
induction with 0.4 mm isopropyl 3-D-1-thiogalactopyranoside (IPTG) and
purified with Glutathione Sepharose 4B by affinity columns, according to
the manufacturer's instructions (GE Healthcare, Uppsala, Sweden). EMSA
was carried out as described previously (Duan et al., 2012). RNA probes
(Table 1) used for EMSAs were synthesized by the JiMa Company (JiMa,
Shanghai, China). The protein-RNA complexes were resolved on 5%
native polyacrylamide gels and exposed with a storage phosphor screen
and X-ray films.

Glutaraldehyde cross-linking

The cDNAs of 2b"" and 2blm"®" were cloned into pET28a and fused to the
N-terminus of a 6 x His tag, and then transformed into E. coli strain BL21
(DE3 strain). Recombinant 2b"' and 2blm"®' were expressed in BL21
overnight at 20 °C induced by 0.4 mm IPTG. The cells were harvested by
centrifugation and resuspended in lysis buffer [50 mm Tris-HCI (pH 8.0),
150 mm NaCl, 0.2 mm phenylmethanesulfonylfluoride (PMSF), 1 mm
dithiothreitol]. Following cell disruption by ultrasound and centrifugation,
the supernatant was applied to Ni?*-nitriloacetic acid agarose beads (Bio-
Rad, California, USA) by affinity columns. After washing with lysis buffer,
the bound proteins were eluted with lysis buffer plus 50 mm imidazole. The
purified proteins were incubated with 0%, 0.05%, 0.10% and 0.20%
concentrations of freshly prepared glutaraldehyde solution for 1 h in the
dark at 28 °C, and then boiled in SDS buffer. The samples were separated
in 15% SDS-PAGE gel, and detected by Coomassie brilliant blue staining
and Western blots with His antibody.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s website:

Fig. S1. Symptom development in plants infected with Cucumber
mosaic virus (CMV) (A, B), CMV-2bl (A) or CMV-2bm (B). The
seedlings of wild-type, rdrl, rdré and rdrl/6 plants were photo-
graphed at 21 days after inoculation with purified CMV, CMV-2bl
or CMV-2bIm viruses at a concentration of 20 ug/mL.

Fig. S2. Detection of duplex RNA binding affinity of 2bl and 2bm
by electrophoretic mobility shift assay (EMSA). (A) Purified GST-
tagged proteins used in EMSAs were separated and stained by
Coomassie brilliant blue. M, marker. (B) Comparative EMSAs
carried out with increasing amounts (0.05-1.00 ug) of GST-2b,
GST-2bl or GST-2bm and a constant amount (1 nm) of [y-*P]-
labelled, 21-bp, double-stranded, small interfering RNAs (siRNAs)
with 2-nucleotide 3" overhangs. Glutathione-S-transferase (GST)
was used as negative control.

Fig. S3. Subcellular distribution of 2b-YFP and 2bIm-YFP in the
epidermal cells of agroinfiltrated Nicotiana benthamiana. The
DNA of 2b or 2blm was cloned into the gateway vector
pEarleyGate 101, and transformed into EHA105. The transient
expression of proteins was achieved by agroinfiltration of
N. benthamiana leaves. Confocal micrographs were taken at 2 days
post-infiltration (dpi). YFP, yellow fluorescent protein. Bar, 10 pm.

© 2015 BSPP AND JOHN WILEY & SONS LTD MOLECULAR PLANT PATHOLOGY (2016) 17(2), 173-183



