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ABSTRACT

Previously, we found that silencing suppression by the 2b protein and six mutants correlated both with their ability to bind to
double-stranded (ds) small RNAs (sRNAs) in vitro and with their nuclear/nucleolar localization. To further discern the
contribution to suppression activity of sRNA binding and of nuclear localization, we have characterized the kinetics of in vitro
binding to a ds sRNA, a single-stranded (ss) sRNA, and a micro RNA (miRNA) of the native 2b protein and eight mutant variants.
We have also added a nuclear export signal (NES) to the 2b protein and assessed how it affected subcellular distribution and
suppressor activity. We found that in solution native protein bound ds siRNA, miRNA, and ss sRNA with high affinity, at
protein:RNA molar ratios ~2:1. Of the four mutants that retained suppressor activity, three showed sRNA binding profiles
similar to those of the native protein, whereas the remaining one bound ss sRNA at a 2:1 molar ratio, but both ds sRNAs with
1.5–2 times slightly lower affinity. Three of the four mutants lacking suppressor activity failed to bind to any sRNA, whereas the
remaining one bound them at far higher ratios. NES-tagged 2b protein became cytoplasmic, but suppression activity in patch
assays remained unaffected. These results support binding to sRNAs at molar ratios at or near 2:1 as critical to the suppressor
activity of the 2b protein. They also show that cytoplasmically localized 2b protein retained suppressor activity, and that
a sustained nuclear localization was not required for this function.
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INTRODUCTION

The 2b protein of Cucumber mosaic virus (CMV) is the

smallest of the five gene products encoded by this tripartite,

positive stranded RNA virus. This protein was among the

first viral proteins identified as a suppressor of RNA silenc-

ing (Brigneti et al. 1998). Cell fractionation studies of infected

plant tissues showed that, during the course of viral infec-

tion, CMV 2b protein accumulated mainly within the cell

nucleus, apparently in insoluble inclusions (Mayers et al.

2000). Cell biology studies using CMV 2b protein tagged

with reporter markers confirmed its predominantly nuclear

nature in a CMV-free environment (Lucy et al. 2000; Wang

et al. 2004), and more recently it was found that, within the

nucleus, fluorescently tagged protein that retained silencing

suppressor activity accumulated in the nucleolus (González

et al. 2010).

CMV 2b protein was shown to bind to small RNAs

(sRNAs), such as double-stranded (ds) short-interfering

RNAs (siRNAs) or micro RNAs (miRNAs) in vitro (Goto

et al. 2007; Rashid et al. 2008; González et al. 2010), to

siRNAs in vivo (Kanazawa et al. 2011), and recently to

miRNAs, also in vivo (Hamera et al. 2012). The kinetics of

binding of the protein to each of these types of RNAs in

vitro have not been determined, but binding to siRNAs has

been proposed to be the means by which the protein

interferes with antiviral RNA silencing (Goto et al. 2007;
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González et al. 2010). In addition, the 2b protein homolog

from the cucumovirus Tomato aspermy virus (TAV) has

been shown to bind to siRNAs, miRNAs, and longer single-

stranded (ss) RNAs in vitro (Rashid et al. 2008) and also to

viral RNAs in vivo (Shi et al. 2008). Besides binding to

sRNAs, CMV 2b protein could interact with protein com-

ponents of the RNA silencing machinery: It could bind to

Argonaute (AGO) proteins 1 and 4 in planta (Zhang et al.

2006; González et al. 2010; Hamera et al. 2012). AGO pro-

teins are components of the specific RNA-induced silencing

complexes (RISC), some of which take part in antiviral de-

fense. It has been proposed that interaction of 2b with AGO1

could inhibit RISCs involved in antiviral RNA silencing (Zhang

et al. 2006) and that AGO4 activity is negatively affected by

its interaction with 2b protein (Hamera et al. 2012). Besides

these direct interactions with AGO proteins, transcription

of AGO4 mRNA has been shown to be negatively affected

by the 2b protein (Cillo et al. 2009; Ye et al. 2009). It is

therefore probable that the 2b protein neutralizes at least

two different levels of antiviral RNA silencing by binding to

siRNAs and host proteins.

Despite its small size, of just 110 amino acids in the case

of strain Fny CMV, the interactome of the 2b protein estab-

lished so far also includes factors that are not components

of the silencing machinery. Fny CMV 2b interacts in the yeast-

two-hybrid system with the importin-like nuclear transport

factor karyopherin a (Wang et al. 2004), which could be

involved in the transport of 2b protein into the nucleus. Re-

cently, it was shown that the 2b protein from CMV strain

HL can interact both in the yeast-two-hybrid system and in

planta with a cytoplasmic host catalase (CAT3), inhibiting

its H2O2 scavenging activity and thus allowing the appear-

ance of systemic necrosis in infected Arabidopsis thaliana

Col 0 plants. The HL-CMV 2b protein also relocates CAT3

to the nucleus, although this seems not to be required for

the onset of necrosis (Inaba et al. 2011).

In addition to these interactions of the 2b protein with

host proteins and nucleic acids, it is also known that the 2b

protein stimulates salicylic acid accumulation but interferes

with the host’s salicylic acid- and jasmonic acid-mediated

resistance responses (Ji and Ding 2001; Lewsey et al. 2010).

The protein also interferes with the long-range signaling of

silencing in the plant (Guo and Ding 2002), with the

accumulation of siRNAs generated by the plant DICER-like

proteins 2, 3, and 4 (Dı́az-Pendón et al. 2007), with the me-

tabolism of some miRNAs involved in development (Lewsey

et al. 2007; Cillo et al. 2009), and also with transgene DNA

methylation (Guo and Ding 2002). The ability of the 2b pro-

tein to facilitate the transit of sRNAs into the nucleus has

also been demonstrated recently and used to facilitate inher-

itable epigenetic modifications of endogenous plant gene

promoters, using dsRNAs originating from a CMV-derived

vector (Kanazawa et al. 2011).

Studies using the TAV 2b protein homolog showed that

in aqueous solution it spontaneously formed homodimers,

even in the absence of sRNAs. In the presence of ds sRNAs, a

TAV 2b homodimer interacted in vitro in a length-specific,

non-sequence-specific manner with a single RNA molecule

(Chen et al. 2008; Rashid et al. 2008). These sRNA-bound

homodimers spontaneously adopted a tetrameric form

through the leucine zipper-like motifs present at the protein

N terminus. Crystallographic analysis showed that in this

conformation the 2b sequence contains two main a-helix

structures separated by a short linking region. These two

a-helices formed hook-like structures that interacted with

the sRNA (Chen et al. 2008). In the case of CMV, 2b

proteins with reporter sequences fused to the N termini,

which would likely prevent tetramerization, remained fully

functional as suppressors of silencing in patch assays,

suggesting that tetramerization is not needed for suppres-

sion of local silencing (González et al. 2010).

In the Fny CMV 2b protein sequence there are two puta-

tive nuclear localization signals (NLS) (amino acids 22–27

and 33–36, both present in the first a-helix) and a putative

phosphorylation site (amino acids 39–43) located at the

end of the linking region and the beginning of the second

a-helix (Wang et al. 2004). These two NLS regions are re-

sponsible for the predominantly nuclear localization of the

protein. The effect of a battery of mutations affecting these

motifs and also other regions of the 2b protein on virus

infectivity was determined by Lewsey et al. (2009). The

effect of these mutations on the 2b protein subcellular

localization pattern, on its ability to interact with proteins

in vivo or with synthetic siRNAs in vitro, and on suppres-

sion of silencing activity in patch assays was determined by

González et al. (2010). The latter found that lack of sup-

pression of silencing correlated strongly with inability to

bind to synthetic siRNAs in vitro and with altered sub-

cellular targeting. However, since the NLS and phosphor-

ylation domains overlap with a-helix regions involved in

the binding to sRNAs, it was not possible to discern the

relative importance of these subcellular targeting of nuclei/

nucleoli vs. siRNA binding properties in the protein suppres-

sor function. Here, we have examined the relative importance

to the RNA silencing suppressor activity of the 2b protein

of sRNA binding vs. nuclear targeting.

RESULTS

In vivo characterization of 2b protein mutants

To ascertain the relative contribution to silencing suppres-

sion by the 2b protein of sRNA binding vs. nuclear local-

ization, we designed two new mutant proteins with changes

to the protein sequences lying outside the region of the

protein directly involved in binding to sRNAs (González

et al. 2010). The first mutant had a deletion of four amino

acids Gly–Ser–Glu–Leu (2bDGSEL) at positions 62–65 of

the 2b protein. This conserved region belongs to a small

a-helical domain (Domain 3) in the 2b protein homolog

González et al.
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encoded by the SD strain of CMV that has been shown to

be important for the strength of its silencing suppressor

activity and for the down-regulation of the levels of AGO4

mRNA during viral infection (Ye et al. 2009). The second

deletion mutant lacked the C-terminal 16 amino acids of

the 2b protein (2bD3T) (Lewsey et al. 2009).

In patch assays, both mutants were able to suppress the

partial silencing of a green fluorescent protein (GFP) re-

porter gene when co-expressed transiently in Nicotiana

benthamiana leaf tissue from agroinfiltrated binary vectors

(Fig. 1A). The two mutants also were tagged with GFP at

their N termini to study their subcellular distribution by

confocal laser scanning microscopy (constructs GFP–

2bDGSEL and GFP–2bD3T). The GFP sequence fused to

the 2b protein did not affect the suppressor activity of

either the native protein (González et al. 2010) or these two

mutants (data not shown). The subcellular distributions of

GFP–2bDGSEL and of GFP–2bD3T were similar to that of

the native 2b protein: Both mutants were present through-

out the cytoplasm and inside the nucleus, retaining the

ability to target the nucleolus (Fig. 1B. Nu, arrows). Nucleoli

were identified by co-expression with fibrillarin tagged with

monomeric red fluorescent protein (data not shown; see

González et al. 2010). In N. benthamiana plants, infection

with mutant CMV expressing 2bD3T causes slightly altered

symptoms with increased severity (Lewsey et al. 2009). In the

same host, CMV carrying the 2b protein mutant DGSEL

caused attenuated virus infection symptoms relative to the

wild-type (wt) virus, but virus titers were only marginally

lower than wt virus (Fig. 1C). A summary of the properties

of the native 2b protein plus the eight mutants described in

previous works (Lewsey et al. 2009; González et al. 2010) and

in this work is shown in Table 1. A schematic representation

of the different mutants is shown in Figure 2A.

Kinetic parameters of the binding in vitro of the 2b
protein and eight mutant variants to three types
of sRNAs and a viral RNA

The ability of the CMV 2b protein to bind to sRNAs in

vitro had been demonstrated previously (Goto et al. 2007;

Rashid et al. 2008; Shimura et al. 2008), and the affinity of

an Escherichia coli–expressed 2b protein tagged with malt-

ose-binding protein (MBP-2b) for a 39 biotinylated siRNA

in vitro was also determined (Shimura et al. 2008). Further-

more, using a battery of six 2b protein mutants a correlation

between ability to bind to siRNAs in vitro and suppressor

activity had been found (González et al. 2010). However,

no detailed characterization of the kinetics of binding of

native and mutant CMV 2b proteins that had been biologically

characterized to different kinds of sRNAs in vitro had yet been

made. We determined the kinetics of binding of the native 2b

protein and of eight mutant variants (2bDNLS1; 2bDNLS2;

2bDNLS1 + 2; 2bDKSPSE; 2bS40A; 2bS42A; 2bDGSEL, and

2bD3T) (Fig. 2A,B) to three different types of synthetic

sRNAs (a ds siRNA; an ss sRNA, and an miRNA), all sharing

the sequence of miRNA 171 (Fig. 2C), as well as to the

genomic ss RNA of Tobacco mosaic virus (TMV).

Histidine-tagged versions of the native and eight mutant

2b proteins were expressed in E. coli, and the purified re-

natured soluble proteins were used in electrophoretic mobility

shift assays (EMSA) in vitro. RNA-binding data are given as

binding curves obtained from the EMSA results. The

percentage of RNA retained after interaction with increas-

ing amounts of protein is plotted against the protein:RNA

molar ratio for each of the four RNA substrates (Figs. 3, 4).

EMSA gels in the case of the interaction of the 2b protein

and eight mutants with the ds siRNA are also shown (Fig. 3).

Our results demonstrate that native 2b protein interacted

with ds siRNA with an apparent dissociation constant (Kd)

value of 0.92 mM in a cooperative manner (Hill coefficient

of 3.65). Nearly 60% of the ds siRNA molecules were com-

FIGURE 1. (Legend on next page)
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plexed with 2b protein at a protein:RNA molar ratio of 2:1

(Fig. 3; Table 2). This molar ratio agrees with the structural

data from the related TAV 2b protein complex, where the

2b protein bound sRNAs as a dimer (Chen et al. 2008). The

native protein also bound effectively to the ss sRNA and to

the miRNA (apparent Kd values of 1.61 mM and 1.23 mM;

Hill coefficientsz2.03 and 2.11, respectively) (Fig. 4; Table 2).

It is interesting to note that >80% of ss sRNA was retained at

a protein:RNA molar ratio of 2:1, whereas only 40% of the

miRNA was bound by the 2b protein at the same molar ratio.

Four of the eight mutant proteins tested (2bS40A,

2bS42A, 2bDGSEL, and 2bD3T) retained silencing suppres-

sor activity (Table 1). Interestingly, three of them (2bS40A,

2bDGSEL, and 2bD3T) showed higher affinities for the

synthetic sRNAs than the native 2b protein (Figs. 3, 4). The

apparent Kd values for these three mutants were twofold

higher: 80%–100% of ds siRNA or ss sRNA and 70%–90%

of miRNA were involved in complexes with the mutant pro-

teins at a protein:RNA molar ratio of 2:1 (Figs. 3, 4; Table 2).

Interestingly, deletions in the C-terminal half of the protein

(constructs 2bDGSEL and 2bD3T) seem to have made RNA-

binding more efficient. In contrast, the RNA binding char-

acteristics of the remaining mutant, 2bS42A, were weaker

than those of the native protein or of the other three mutants

that retained suppressor activity: At a molar ratio of 2:1 it

retarded only 25% of ds siRNA and <5% of miRNA,

although it was as efficient as the native 2b protein in its

interaction with the ss sRNA (Figs. 3, 4; Table 2). In the case

of the four mutants without suppressor activity (2bDNLS1,

2bDNLS2, 2bDNLS1 + 2, and 2bDKSPSE), the first three

showed no binding to any of the sRNAs (Figs. 3, 4; Table 2),

whereas the 2bDKSPSE mutant still retained some RNA-

binding activity. However, the affinity of this mutant to any

of the sRNAs was low compared with the native 2b protein.

For example, the apparent Kd of the 2bDKSPSE mutant to ds

siRNA was 4.63 mM, vs. 0.92 mM for the native 2b protein.

This mutant showed no retardation of ds siRNA and miRNA

at a molar ratio of 2:1 (50% binding of these RNA was

achieved at molar ratios of 8–10:1) and also had low affinity

to the ss sRNA (Figs. 3, 4; Table 2).

Our results therefore show that the binding of native 2b

and of the eight mutant variants to the three types of

synthetic sRNAs could be broadly grouped into four main

patterns. Pattern 1 was observed for the native protein and

three of the four proteins that retained suppression of

silencing activity (2b, 2bS40A, 2bDGSEL, 2bD3T). Pattern 2

was observed for the remaining mutant 2bS42A with

silencing suppression activity. In the case of the four con-

structs without suppressor activity (2bDNLS1, 2bDNLS2,

2bDNLS1 + 2, and 2bDKSPSE) the first three showed no

binding to any of the three sRNAs at any molar ratio

(pattern 3), whereas noneffective but cooperative binding

was observed for 2bDKSPSE (pattern 4). Therefore, analysis

of the eight 2b mutants points to a correlation between

suppressor activity and the ability to bind sRNAs effectively

(patterns 1 and 2).

The 2b protein also was able to interact cooperatively

with TMV genomic RNA (z6.4 kilobases [kb]). The ap-

parent Kd for TMV RNA binding was 1.78 mM. Full re-

tardation occurred at a protein:RNA molar ratio of 500:1

and the Hill coefficient was 1.72 (Table 2). Binding of the

eight 2b protein mutant variants to TMV RNA followed

only two patterns: All constructs with biological activity as

suppressors in patch assays (constructs 2bS40A, 2bS42A,

2bDGSEL, 2bD3T) interacted with TMV RNA similarly

to the native 2b protein. The four constructs that had

no suppressor activity (constructs 2bDNLS1, 2bDNLS2,

2bDNLS1 + 2, and 2bDKSPSE) showed very weak ability to

bind TMV RNA, achieving <30% retention at a molar ratio

of 1000:1 (Fig. 4, bottom chart).

The effect of the attachment of a nuclear export signal
to the 2b protein on its subcellular localization
and suppression of silencing activity in patch assays

Deletion of either or both of the NLSs of the 2b protein of

Fny CMV reduced or prevented the accumulation of the

protein in the nucleus (Lucy et al. 2000; Wang et al. 2004;

González et al. 2010). It also abolished its suppression of

FIGURE 1. In vivo characterization of 2b protein deletion mutants
2bDGSEL and 2bD3T and of their biological activities. (A) Suppres-
sion of RNA silencing in patch assays. A binary vector expressing the
Aquorea victoria green fluorescent protein (GFP) reporter gene was
agroinfiltrated into N. benthamiana leaves, together with an empty
binary vector (infiltrated patch on right side of leaves) or together
with binary vectors expressing 2b protein (infiltrated patch on left side
of the left leaf), 2bDGSEL (infiltrated patch on left side of the middle
leaf) or 2bD3T (infiltrated patch on left side of right leaf). All three 2b
constructs suppressed the partial silencing of the GFP reporter gene,
increasing the levels of GFP-derived green fluorescence when leaves
were illuminated with UV light, 3 d after infiltration (infiltrated
patches in left vs. right side of leaves). Increased GFP levels in the
presence of the suppressors were confirmed by Western blot analysis
using a GFP antibody (upper gray panel). The presence of the 2b
suppressors also was confirmed by Western blot analysis using a 2b
antibody (middle gray panel). Note that, because the 2b mouse
antibody was raised against two synthetic peptides at the N and C
terminus of the 2b protein (González et al. 2010) and 2bD3T has the
last 16 amino acids deleted, its accumulation could be underestimated
with this antibody. Lanes labeled L and R correspond to the infiltrated
patches on left and right side of leaves, respectively. The lower gray
panel is a control of loading. (B) Subcellular distribution of GFP–2b,
GFP–2bDGSEL, and of GFP–2bD3T. In epidermal cells of agro-
infiltrated N. benthamiana leaves, all three constructs targeted the
nucleus and, inside it, the nucleolus (Nu, arrows). Bar in the lower
right corner represents 10 mm. (C) Symptoms induced by CMV
expressing 2bDGSEL vs. those induced by wt Fny CMV. Symptoms
were less severe than those induced by the wt virus (upper panel, left
vs. central plant). Western blot analysis of viral CP amounts in
infected tissue showed that virus expressing 2b DGSEL accumulated
only slightly less CP than wt virus (middle panel) in those plants. Each
lane represents one independent leaf sample. (Lane H) Extract from
healthy plant tissue; (lane M) molecular weight markers. The lower
panel shows the Ponceau S-stained membrane used in the inmunoblot
as control of loading.
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silencing activity and for this reason nuclear localization of

the 2b protein has been linked to its suppression of

silencing function (Lucy et al. 2000; González et al. 2010).

However, this could also be caused by the fact that both

NLSs are located in the two regions in the homodimer that

are known to interact with siRNAs. To discriminate be-

tween the contribution of the nuclear localization and

siRNA binding activity to the suppressor function, we took

advantage of the fact that the 2b protein is amenable to

accepting diverse tags at either its N or C termini, without

having its suppressor activity compromised in patch assays

(González et al. 2010). We thus fused a nuclear export

signal (NES) from a protein kinase inhibitor (PKI: Wen

et al. 1995; Garcı́a et al. 2009) to the N terminus of

a biologically active GFP–2b fusion protein (González et al.

2010), generating a NES–GFP–2b fusion protein. This NES

motif has been shown to work efficiently in plants. Both

GFP–2b and NES–GFP–2b were expressed transiently in N.

benthamiana epidermal cells by agroinfiltration, and their

corresponding subcellular distribution patterns, as well as

their ability to suppress the silencing of a reporter GFP

gene, were monitored in time course experiments from 3 to

6 d post-infiltration (dpi). From the start of the observa-

tions, both proteins showed differences in their subcellular

distribution, with fluorescence derived from NES–GFP–2b

absent from most nuclei (Fig. 5A). A comparative quanti-

tative study using fields of cells in infiltrated patches for

each construct and at each of the four times post-in-

filtration studied showed that, in contrast to what was

observed for GFP–2b, >90% of nuclei were devoid of NES–

GFP–2b as early as 3 dpi, a percentage that increased further

at 4, 5, and 6 dpi (Fig. 5B). The ability of

the two constructs to suppress the

silencing of a free GFP reporter gene

was followed at 3, 4, 5, and 6 dpi, and it

was found that suppressor activity was

not affected by the cytoplasmic locali-

zation of NES–GFP–2b (Fig. 6A,B). A

quantitative analysis of the increase in

the amount of free GFP in infiltrated

patches relative to the amount of sup-

pressor in the tissue confirmed that sup-

pressor activities of both NES–GFP–2b

and GFP–2b were comparable (Fig.

6B,C). This also was the case in a se-

quential infiltration patch assay in

which the suppressors were infiltrated

three days before the GFP reporter

(Fig. 7).

DISCUSSION

Initial cell biology studies had linked

nuclear targeting of the 2b protein to its

pathogenicity determinant nature (Lucy

et al. 2000). Those initial reports on the requirement for

nuclear localization for the 2b protein suppressor function

had suggested a role of the protein as a competitor in

nuclear transport or in transcriptional regulation (Lucy

et al. 2000), or in interference with nuclear DNA methyl-

ation (Guo and Ding 2002). However, nuclear accumula-

tion alone was not sufficient to confer 2b-mediated silencing

suppression, and it was proposed that the NLS motifs could

have a role leading to pathogenicity enhancement different

to that of transporting the protein into the nucleus (Wang

et al. 2004).

Recent structural studies on the TAV homolog of CMV

2b confirmed that the NLS domains were indeed involved

in a role other than nuclear translocation: Upon binding

to siRNAs, the 2b protein of TAV adopted a structure

in which both NLSs were immersed in the first of two

a-helices directly involved in binding to siRNAs, whereas

the phosphorylation motif was immersed in the second

a-helix (Chen et al. 2008; Rashid et al. 2008). Therefore, it

could be expected that alterations in amino acids within

these structures could prevent siRNA binding, and this

turned out to be the case. Thus, deletions of either or in

both of the NLS motifs not only prevented or abolished

nuclear accumulation of the 2b protein, but at the same

time prevented binding to siRNAs and the suppression of

silencing by the 2b protein (Goto et al. 2007; Rashid et al.

2008; González et al. 2010). Likewise, deletion of the

phosphorylation motif in the second a-helix altered the

protein’s subcellular localization, confining it largely to the

nucleolus, while at the same time this mutation abolished

siRNA binding in vitro, and with it silencing suppression

TABLE 1. Summary of the properties of Fny CMV 2b protein, and of the eight mutant
variants described in previous work and in this paper

Nucleolar
presencea

In vitro
binding

to sRNAsa

Silencing
suppressor
activitya

Viral infection
symptoms in

N. benthamiana

2b + + + Stunting, leaf distortion,
necrosisb

2bDNLS1 (22–27) � � � Asymptomaticb

2bDNLS2 (33–36) +/� c
� � Asymptomaticb

2bDNLS1 + 2 � � � Asymptomaticb

2bDKSPSE (39–43) +++
d

+/� e
� Asymptomaticb

2bDS40A + + + Mild stunting, mild leaf
distortionb

2bDS42A + + + Intermediate stunting,
intermediate leaf
distortionb

2bDGSEL (62–65) + + + Intermediate leaf distortiona

2bD3T (95–110) + + + Stunting, leaf distortion,
necrosisb

aFrom González et al. 2010 and this work.
bFrom Lewsey et al. 2009.
cVery limited nucleolar presence.
dMainly nucleolar.
eOnly at protein:RNA molar ratios above 14:1.

Subcellular targets vs. RNA binding in 2b function
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(González et al. 2010). Therefore, data on the TAV 2b

structure as well as on the siRNA binding properties of the

2b protein of both TAV and CMV suggested that siRNA

binding was involved in the suppression function and that

the alteration in the nuclear targeting in 2b deletion

mutants was a side effect and not the cause of their lack

of suppressor activity (Goto et al. 2007; Chen et al. 2008;

Rashid et al. 2008; González et al. 2010). This issue had not

been elucidated to date, and in this work we have addressed

the relative contributions to the 2b protein-mediated

silencing suppression function of its subcellular targeting

to nuclei and nucleoli vs. its sRNA binding properties. To

do this, we compared the abilities of the wt 2b protein and

of eight mutant variants to bind in vitro to three types of

sRNAs that share the sequence of miRNA 171, and also to

the 6.4-kb TMV ss RNA, and determined the kinetic

parameters of their RNA binding. These mutations were

distributed throughout the whole of the protein and

targeted areas that have been linked to various 2b protein

functions: the suppression of silencing, such as those

affecting the NLS 1 and NLS 2 domains, 2bDNLS1,

2bDNLS2, 2bDNLS1 + 2 (Lucy et al. 2000; Wang et al. 2004;

FIGURE 2. (A) Schematic representation of the 110-amino acid 2b
protein of Fny CMV, with the amino acid positions of the eight
mutants used in this work (six deletion mutants and two alanine
substitution mutants) and their names indicated. The gray boxes
indicate the main regions of the 2b protein expected to adopt
a-helical conformation in the homodimer (following Chen et al.
2008 and Ye et al. 2009). (B) Expression and isolation of 2b protein
and eight mutant variants in bacteria. N-terminal 63Histidine-tagged
and C-terminal HA-tagged native 2b protein and eight 2b protein
mutant variants were expressed in E. coli, renatured and purified using
Ni-NTA resin. Protein amounts were then quantified using SDS-
PAGE gels against known protein standards. (C) To perform a com-
parative study on the kinetics of binding of the 2b protein and its
variants to different types of synthetic sRNAs, a ds siRNA, a ss sRNA,
and a miRNA were used, all sharing the sequence of miRNA 171.

FIGURE 3. EMSA for the binding of 2b protein and eight mutant
variants to a miRNA 171 sequence-based synthetic ds siRNA using
nondenaturing 2% agarose gels. Agarose gels from which data were
obtained are shown as an example. In each gel lane RNAs were
incubated with either no protein (as control, first lane from the left of
each gel) or with increasing volumes of 2b protein (second lane from
the left onward). The chart shows the percentage of retarded siRNA
plotted against the protein:RNA molar ratio in the samples.
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Goto et al. 2007; Rashid et al. 2008; Lewsey et al. 2009;

González et al. 2010); the putative protein phosphorylation

site, 2bDKSPSE, 2bS40A, 2bS42A (Lewsey et al. 2009;

González et al. 2010); the domain involved in the down-

regulation of AGO4 mRNA, 2bDGSEL (Ye et al. 2009), and

the C-terminal region, 2bD3T (Lewsey et al. 2009).

Our results showed that up to 60% of ds siRNA could be

bound to the recombinant native 2b protein in solution at

a protein:RNA molar ratio z2:1 (Fig. 3). These results are

in agreement with the structural model of the TAV2b–

sRNA complex (Chen et al. 2008) and the binding data of

labeled RNAs to Chip-immobilized TAV 2b protein

(Rashid et al. 2008). We have also shown that the 2b

protein can interact in vitro with miRNA and ss sRNA with

similar affinity and molar ratios. Our results are in agree-

ment with recent data from Hamera et al. (2012). A weaker

2b protein binding affinity for miRNA reported previously

(Goto et al. 2007) could be connected to either properties

of the 2b protein belonging to another CMV strain (CMV

95R) or differences in experimental conditions.

Analysis of the eight 2b mutants points to a correlation

between suppressor activity and the ability to bind sRNAs

effectively. The four mutants that retained suppressor

activity (2bS40A, 2bS42A, 2bDGSEL, and 2bD3T) showed

sRNA binding similar to or stronger than that of the native

2b protein. Two of the mutants that showed stronger

binding affinities to sRNAs than the native 2b protein

(2bDGSEL and 2bD3T) contained a deletion of either the

C-terminal 16 amino acids (2bD3T) or the first four amino

acids (2bDGSEL) of the third, smaller, nine-amino acid

a-helix (Domain 3 of Ye et al. 2009). The C-terminal 16

amino acids of the 2b protein were shown to have tran-

scription activation activity in yeast (Ham et al. 1999), and

elimination of the C terminus from the 2b protein (or

alteration of amino acid 104) attenuated the toxicity as-

sociated with overexpression of the 2b protein in E. coli,

as well as reduced the ability of the 2b protein to bind DNA

in vitro (Sueda et al. 2010). Deletion of these sequences also

led to enhanced pathogenicity in some infected host plants

(Lewsey et al. 2009), which may be due to the increased

affinity for sRNAs. The 2bDGSEL mutant may have affected

the stability of the third a-helix, the role of which is unknown,

although deletion of the third a-helix (amino acids 64–71) led

to a 19-fold reduction is silencing suppression of GFP in SD

CMV 2b protein (Ye et al. 2009), whereas deletion of amino

acids 62–65 (2bDGSEL) in Fny CMV 2b protein did not

affect RNA silencing (Fig. 1). Why deletion of the amino

acids 62–65 increased RNA binding is also unknown.

Three of the four mutants lacking suppressor activity failed

to bind in vitro to sRNAs (mutants 2bDNLS1, 2bDNLS2,

2bDNLS1 + 2), whereas the remaining one (mutant

2bDKSPSE), with a deletion in a putative phosphorylation

site and a strong nucleolar localization, still binds to sRNAs,

albeit with low affinity and at much higher molar ratios

(Figs. 3, 4; Table 2). It is interesting to compare the three

FIGURE 4. EMSA for the binding of 2b protein and eight mutant
variants to a synthetic miRNA 171, to a miRNA 171 sequence-based
synthetic ss sRNA using nondenaturing 2% agarose gels (upper and
middle charts, respectively), and of 2b protein and eight mutant
variants to a TMV viral RNA using a 0.8% nondenaturing agarose gel
(lower chart). RNAs were incubated with either no protein as control
or with increasing volumes of 2b protein. The percentage of retarded
RNA is plotted against the protein:RNA molar ratio in the sample.
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mutants with the putative phosphorylation site affected,

which showed different abilities to bind sRNAs and have

differences in suppressor activity. The deletion of the whole

site (mutant 2bDKSPSE) abolished the suppressor activity

of the protein and dramatically reduced its ability to bind

RNAs (the apparent Kd for sRNA binding is about four

times higher than that of the native 2b protein). In com-

parison, point substitutions of two serines (Ser40 and Ser42)

had no effect on local silencing suppression in vivo and

resulted in either a slight increase of RNA binding (mutant

2bS40A) or a moderate reduction (mutant 2bS42A), with

apparent Kd 1.2–2 times lower for the latter than in the case

of the native 2b protein. According to the structural model

of the 2b protein, the site of interaction with ds siRNA is

formed by two a-helices and a linker between them in the

N-terminal half of the 2b protein (Chen et al. 2008). The

putative phosphorylation site comprises a part of the linker

and part of the second a-helix. Deletion of the whole

KSPSE motif had a dramatic effect preventing the normal

formation of the functionally active complex between the

ds siRNA and the protein, which likely is the cause of its

inability to function as a suppressor. This is probably due

largely to the invariant P41 of the KSPSE motif, since Chen

et al. (2008) also showed that substitution of P41 by alanine

greatly reduced silencing suppression of the TAV 2bP41A

mutant protein and also reduced the binding affinity for

siRNA 10-fold. The P41 generates a kink in the protein

backbone following the first a-helix, which allows the

second a-helix to also bind to part of the ds siRNA (Chen

et al. 2008). Interestingly, in contrast to the effect on the

binding of sRNAs, the 2bDKSPSE mutation had an even

more pronounced effect (complete abolishment) on the

interaction with a long viral RNA (Fig. 4).

Binding to TMV RNA produced only two kinetic pat-

terns: One pattern was exhibited by the four mutants

that retained suppression of silencing activity (2bS40A,

2bS42A, 2bDGSEL, and 2bD3T) plus the native protein,

and the other pattern was shown by the four mutants that

lacked silencing suppressor activity (2bDNLS1, 2bDNLS2,

2bDNLS1 + 2, 2bDKSPSE), which showed very weak binding

only. In the former case, binding was noneffective, although

cooperative, and suggested a binding by the various proteins

much weaker than was observed against sRNAs (Fig. 4). At

the moment, we do not know how the interaction of the

2b protein with TMV RNA relates to the binding of some

viral movement proteins to genomic viral RNAs.

Tagging of GFP–2b with an NES resulted in the re-

location of the protein from the nucleus/nucleolus into the

cytoplasm (Fig. 5). The patch assays showed that NES–

GFP–2b retained its ability to suppress RNA silencing (Fig. 6).

In fact, at the time points studied the steady-state levels

of free GFP reporter were comparable in the presence of

NES–GFP–2b as in that of GFP–2b (Fig. 6). Therefore, we

have shown that the cytoplasmic 2b protein construct re-

tained the same suppressor activity in the patch assays

as a construct that has nuclear/nucleolar accumulation.

These results also showed that the effect of the NES is

stronger than that of the two NLSs, and that it shifts the

transit to the nucleus toward the cytoplasm. For this reason

we cannot exclude that nuclear import (or transit through

the nucleus) is still required for the 2b protein to acquire

suppression of silencing activity, since the NLSs were

retained in the NES-tagged construct. However, we dem-

onstrated that sustained presence of the 2b protein in the

nucleus is not required for the local suppression of si-

lencing activity of the 2b protein of Fny CMV. On the other

hand, our RNA binding kinetic studies suggest that the

2b protein suppression activity is related to its ability to

bind to sRNAs, which presumably would take place in the

cytoplasm. Interestingly, binding and inhibition of AGO1

TABLE 2. Kinetic parameters observed in the binding of 2b protein to various RNAs

ds siRNA miRNA ss sRNA TMV RNA

Apparent
Kd (mM) Hill coeff.

Apparent
Kd (mM) Hill coeff.

Apparent
Kd (mM) Hill coeff.

Apparent
Kd (mM) Hill coeff.

2b 0.92 6 0.03 3.65 6 0.41 1.23 6 0.05 2.11 6 0.13 1.61 6 0.28 2.03 6 0.40 1.78 6 0.17 1.72 6 0.13
2bDNLS1 NO NO NO NO NO NO NO NO
2b DNLS2 NO NO NO NO NO NO NO NO
2bDNLS1 + 2 NO NO NO NO NO NO NO NO
2bDKSPSE 4.63 6 0.39 2.26 6 0.19 3.96 6 0.17 4.03 6 0.56 5.61 6 1.17 2.7 6 0.74 NO NO
2bS40A 0.55 6 0.07 3.88 6 0.15 0.62 6 0.03 3.48 6 0.47 0.71 6 0.04 1.85 6 0.18 2.00 6 0.11 2.20 6 0.21
2bS42A 1.59 6 0.36 1.9 6 0.77 2.80 6 0.01 2.55 6 0.33 2.00 6 0.09 3.23 6 0.46 2.01 6 0.26 2.12 6 0.43
2bDGSEL 0.58 6 0.09 5.66 6 2.11 0.73 6 0.01 3.91 6 0.15 0.98 6 0.03 2.38 6 0.21 2.11 6 0.40 2.02 6 0.57
2bD3T 0.47 6 0.01 2.9 6 0.01 0.39 6 0.06 2.69 6 0.83 0.52 6 0.02 2.51 6 0.29 3.10 6 0.14 2.01 6 0.11

Apparent dissociation constants Kd and Hill coefficients (>1, cooperative binding) were obtained for the binding in vitro of 2b protein and eight
2b mutant variants to three types of small RNAs (sRNAs: a double-stranded sRNA, a single-stranded sRNA, and a micro [mi] RNA, all sharing
the miRNA 171 sequence), as well as to a 6.4-kb full-length viral RNA from Tobacco mosaic virus (TMV). (NO) Not obtained, i.e., the protein
showed no (or marginal) RNA-binding, and, therefore, no kinetic parameters were calculated. Values are averages for three individual
experiments. Standard deviations are given for apparent Kd and Hill coefficients.
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have been shown to be another level at which the 2b

protein could interfere with silencing (Zhang et al. 2006);

AGO1 is a cytoplasmic protein and the interaction with 2b

protein has been visualized there (González et al. 2010).

What then would be the role of the nuclear targeting of

the 2b protein? As we mentioned in the Introduction, this

small molecule causes various effects with a complex

interactome, and the nuclear targeting of the protein could

have roles in the viral infectious cycle that may or may not

be related to the suppression of silencing function of the

protein. In this regard, it may be relevant that the 2b pro-

tein can interact with a cytoplasmic catalase and translocate

it into the nucleus (Inaba et al. 2011), much in the way the

tombusviral P19 can alter the subcellular localization of

ALY proteins (Canto et al. 2006). This translocation also

seems unrelated to silencing suppression. However, it also

has been demonstrated that the 2b protein can translocate

sRNAs from the cytoplasm into the nucleus (Kanazawa

et al. 2011) and this property has been used to engineer the

inheritable methylation of endogenous gene promoters

(Kanazawa et al. 2011). It could therefore be possible that

transport of siRNAs and miRNAs to the nucleus could be

aimed either at their functional removal from the cyto-

plasm, or with the intent of causing specific effect in the

nucleus, such as perhaps interference with DNA methyla-

tion (Guo and Ding 2002). In addition, interaction of 2b

with AGO4 has been demonstrated in vivo and visualized

inside the nucleus (González et al. 2010; Hamera et al. 2012)

and this interaction could also constitute another link be-

tween nuclear localization and suppression of silencing-

mediated interference with gene expression, as reported

(Cillo et al. 2009; Ye et al. 2009).

MATERIALS AND METHODS

Plasmid constructs

For transient expression in plants, proteins were cloned into the

35S promoter-polylinker-Nos terminator T-DNA cassette of

pROK2-based binary vectors. Cloning of the native 2b protein

from Fny CMV and of six 2b mutant variants (2bDNLS1,

2bDNLS2, 2bDNLS1 + 2, 2bDKSPSE, 2bS40A, and 2bS42A) has

already been described (González et al. 2010). For the generation

of 2b mutant DGSEL, the gene sequences flanking the 2b protein

GSEL deletion site were amplified by PCR using appropriate

oligos, cleaned, kinased and ligated with T4 DNA ligase. The ligation

reaction was then used as template for a PCR using only the two

oligos at the 59 end of the upstream PCR product and at the 39 end

of the downstream PCR product. The fusion PCR fragment thus

obtained was digested with the appropriate enzymes and cloned in

pROK2, and pROK2 harboring GFP (pROK–GFP) to generate

pROK2 constructs 2b–DGSEL and GFP–2bDGSEL, respectively. To

substitute 2bDGSEL for the native 2b protein in the full-length

infectious clone of Fny CMV RNA 2 (pF209) a similar approach

was used, only the two PCR products flanking the GSEL deletion

site in the 2b gene extended from nucleotide 1621 of the CMV RNA

2 sequence (upstream fragment) to the 39 end of the viral sequence

FIGURE 5. (A) Alterations in the subcellular localization patterns of a 2b
protein tagged with Aquorea victoria green fluorescent protein (GFP–2b) with
or without a NES at its N terminus (constructs NES–GFP–2b vs. GFP–2b,
respectively). Both constructs were transiently expressed from agroinfil-
trated binary vectors in N. benthamiana. Observations were made with
a confocal microsocope at 3, 4, 5, and 6 dpi. Fields of epidermal cells 7503
750 mm in size are shown in the upper panel rows. All field images (but not
those of nuclear close-up views) were taken under the same confocal
settings, and can be directly compared. The lower panel row shows close-up
views of representative individual nuclei. The nucleolus (Nu) is indicated by
an arrow. Note that in the case of NES–GFP–2b fluorescence is absent from
inside the nuclei, including nucleoli. Bar in the lower right corner represents
10 mm. (B) At 3, 4, 5, and 6 dpi, and for both constructs NES–GFP–2b and
GFP–2b, four separate randomly chosen fields of epidermal cells (750 3

750 mm) were screened for nuclei that showed fluorescence inside them.
Each field contains z50–80 cells, depending on leaf age. Results are
displayed in the chart as the total number of fluorescent nuclei detected.
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(downstream fragment). Both fragments were cleaned, kinased,

and ligated, and the ligation product served as template for the

amplification of the fusion PCR product using only the two oligos

at the 59 end of the upstream PCR fragment and at the 39 end of

the downstream PCR fragment. The fusion PCR product thus

obtained was digested with NcoI and PstI and cloned into

linearized pF209. For the cloning of 2b protein mutant 2bD3T

into pROK2 and pROK2 harboring GFP (pROK–GFP) the gene

was amplified by PCR from a plasmid harboring full-length cDNA

for mutant CMV RNA 2 D3T (Lewsey et al. 2009) with

appropriate flanking restriction enzymes, and ligated into the

corresponding linearized plasmids to generate pROK2 constructs

2bD3T and GFP–2bD3T.

To create 2b proteins tagged with a NES, the NES from the

protein kinase inhibitor PKI (Asn–Glu–Leu–Ala–Leu–Lys–Leu–

Ala–Gly–Leu–Asp–Ile–Asn–Lys–Thr–Ala; Wen et al. 1995) was

amplified by PCR using two partially overlapping oligos, which

added an ATG (methionine codon) and an upstream NheI site

at its 59 end and an XbaI site at its 39 end, respectively. The PCR

fragment was digested with these two enzymes and cloned into

XbaI-linearized, pROK2-based constructs GFP–2b (González et al.

2010), generating pROK2 constructs NES–GFP–2b and NES–

GFP–2bDKSPSE, respectively. Both contain the NES signal at their

N termini. In addition, the ATG at the start of the GFP–2b was

removed to prevent the occurrence of ribosomal internal initia-

tion events.

All GFP-tagged constructs harbored a GFP variant (Tu65,

Clontech), which did not allow them to be detected under the

UV lamp. For UV lamp detection of fluorescence from a free GFP

reporter gene in the agroinfiltration patch assays, a binary vector

expressing eGFP was used (González et al. 2010).

Cloning of native 2b and of the six 2b protein mutants

(2bDNLS1, 2bDNLS2, 2bDNLS1 + 2, 2bDKSPSE, 2bS40A, and

2bS42A) in the pQE30 expression vector for protein expression

in E. coli and purification using a 6xHis tag at their N termini has

already been described (González et al. 2010). Cloning of two new

2b protein mutants (2bDGSEL and 2bD3T) was achieved in a similar

way, with both genes transferred from the pROK2-based constructs

into BamHI–SacI-linearized pQE30 expression plasmids (Qiagen).

Transient expression of genes in plant tissues

Cultures of Agrobacterium tumefaciens C58C1 containing binary

vectors were grown to exponential phase in LB medium with

antibiotics at 28°C. For infiltration, each bacterial culture harbor-

ing a different T-DNA was diluted to a final OD of 0.2 at 600 nm.

Different cultures harboring different T-DNAs were then com-

bined and infiltration of the mixtures was performed on fully

expanded leaves of N. benthamiana plants using a syringe as

described (Canto et al. 2002).

Imaging of fluorescence from tagged proteins in cells
and tissues

Epidermal cells in N. benthamiana infiltrated tissue were moni-

tored for fluorescence derived from GFP, or mRFP-tagged pro-

teins at 3–6 dpi. Imaging was conducted with Leica SP2 and SP5

(Leica Microsystems) confocal laser scanning microscopes and

software, using fresh, nontreated leaf tissue, and 203 magnifica-

tion water immersion or 403 water dipping objectives, as

described previously (González et al. 2010).

Local suppression of silencing in agroinfiltrated
patch assays

A free GFP reporter gene expressed from a binary vector under the

control of the 35S promoter was expressed transiently in a N.

benthamiana leaf, either co-infiltrated with the empty binary

vector pROK2 (right side of leaf), or with another vector

expressing a protein to be tested for suppression of silencing

FIGURE 6. (Legend on next page)
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activity (left side of leaf). To monitor the effect of the second

protein on the levels of fluorescence derived from the transiently

expressed free eGFP, leaves were illuminated at 3–6 dpi with

a Blak Ray long wave UV lamp (UVP) and photographed as

previously described (Canto et al. 2002; González et al. 2010).

Immunoblot detection of proteins and analysis

Total protein content from infiltrated tissue was extracted with

a pestle in Laemmli buffer, and the sample was boiled and frac-

tionated in SDS-PAGE 15% gels. Gel proteins were wet-blotted

in Tris-glycine buffer onto Hybond-P PVDF membranes (Cat.

RPN303F, Amersham, GE Healthcare). For immunological de-

tection of GFP, a rabbit GFP polyclonal antiserum kindly donated

by G. Cowan (James Hutton Institute, Dundee, UK) was used. For

detection of the Fny CMV 2b protein, a mouse polyclonal

antiserum raised against both the N and C domains of the protein

(amino acids 2–58 and 51–107, respectively) was used (González

et al. 2010). Blotted proteins were detected using commercial alka-

line phosphatase-conjugated secondary antibodies and SigmaFast

BICP/NBT substrate tablets (Cat. B5655, SIGMA Aldrich). Com-

parative Protein densitometric analysis of blotted proteins was

made with the Quantity One 4.6.3 1-D analysis software (Bio-Rad

laboratories).

Bacterial protein expression and gel-shift
RNA-binding assays

Native and mutant 2b proteins were expressed from plasmid

pQE30 in E. coli and purified using the 63His tags at their N

termini and Ni-NTA chromatography (Qiagen) followed by

renaturation by dialysis, as described (Rakitina et al. 2006;

González et al. 2010). For gel-shift sRNA binding assays, three

21-nt small RNAs based on the sequence of miRNA 171 were

synthesized: UGAUUGAGCCGCGCCAAUAUC, UAUUGGCGC

GGCUCAAUCAGA, UAUUGGCCUGGUUCACUCAGA. Synthetic

ds siRNAs and miRNAs were formed by mixing equimolar amounts

of the corresponding small RNAs, followed by boiling and cooling

slowly to room temperature. For in vitro Protein–siRNA binding

assays, 5 pmol of synthetic ds sRNAs (15 pmol of ss sRNA) or 0.5 mg

of TMV viral RNA were used. RNA and protein were mixed at

various ratios in RNA binding buffer (20 mM Tris-HCl pH 7.5;

1 mM dithiothreitol; 3 mM MgCl2; 50 mM NaCl), incubated for

15 min on ice and were then analyzed in either 2% or 0.8%

agarose Tris-acetate gels for sRNAs or TMV RNA, respectively, as

described (Rakitina et al. 2006). RNAs in gels were detected by

FIGURE 6. Comparative suppression of local RNA silencing by GFP–
2b and NES–GFP–2b in patch assays. A binary vector expressing the
GFP reporter gene was agroinfiltrated in N. benthamiana leaves,
together with an empty binary vector (infiltrated patch in right side of
leaves) or together with binary vectors expressing either NES–GFP–2b
or GFP–2b (infiltrated patch in left side of leaves). (A) Leaves
photographed under UV light at 3, 4, 5, or 6 dpi. (B) Western blot
analysis of the accumulation of the GFP reporter and of the 2b fusion
proteins NES–GFP–2b and GFP–2b at 3, 4, 5, and 6 dpi. Total protein
samples were analyzed with antibodies against GFP (upper panels) or
the 2b protein (lower panels). Lanes labeled L and R correspond to the
infiltrated patches in left and right side of leaves, respectively. Lanes H
and M stand for healthy plant extract and molecular weight markers,
respectively. The panels below each blot show the Ponceau S stained
membranes as control of loading. (C) Summary of the conclusions
from the densitometric analysis of the Western blot protein bands
corresponding to free GFP, NES–GFP–2b, and GFP–2b. This shows
the increases in free GFP accumulation induced by GFP–2b at 3, 4, 5,
and 6 dpi. It also shows the increases expected for NES–GFP–2b if it
were to suppress silencing as GFP–2b did, based on each suppressor
relative accumulation, and the ones actually observed.

FIGURE 7. Comparative suppression of local RNA silencing by GFP–
2b and NES–GFP–2b in a sequential patch assay. (A) N. benthamiana
leaves were serially agroinfiltrated in the same area twice. First, leaves
were agroinfiltrated with binary vectors expressing either NES–GFP–
2b or GFP–2b (patches A and B, respectively); another area of the leaf
was left uninfiltrated (patch C) and a fourth area was infiltrated with
Agrobacterium harboring no binary vector (patch D). Three days after
the infiltration (dpi), the four patches A to D were agroinfiltrated
again with a binary vector expressing a reporter GFP, and after three
further days (day 6) samples were monitored for fluorescence derived
from the reporter GFP under the UV lamp. Two identically treated
leaves are shown. GFP fluorescence enhanced similarly in patches A
and B, when compared to patches C and D. (B) As a control, the
suppression of the silencing of the reporter GFP at 6 dpi, when co-
infiltrated at time 0 with either an empty binary vector (right side of
both leaves) or the binaries expressing NES–GFP–2b or GFP–2b (left
side of corresponding leaves).
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staining them with ethidium bromide. Digital images of the gels were

taken and the amount of free nonretarded RNA was quantified with

the program Gel-Pro analyzer (version 3.1.00.00, Media Cybernetics)

to obtain the retardation curves. Data thus obtained were used to

obtain the Hill coefficients to measure cooperativity (<1, non-

cooperative binding; >1, cooperative binding), and apparent Kd,

understood as protein concentration at which 50% RNA is bound.

To determine the apparent Kd values, the data points were fitted

using the Hill equation by SigmaPlot 11 (Systat Software Inc. [SSI]),

where the fraction bound = 1/(1 + (Kd
n/[Protein concentration]n),

and n represents the Hill constant.
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