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ABSTRACT: Tombusviruses use a 19 kDa protein (p19) as a suppressor of the RNA silencing pathway
during infection. The p19 protein binds to short-interfering RNA (siRNA) as a dimer and shows a high
selectivity for short duplex RNAs over other RNA species. Since p19 can bind to synthetic and RNA
silencing generated small RNAs with little sequence dependence and with size selectivity, this protein
has utility as a tool for studying RNA silencing pathways in eukaryotes. However, the ability of p19 to
serve as a tool for studying RNA silencing pathways may be complicated by the presence of other
endogenous small RNAs such as micro-RNAs (miRNAs). To understand the importance of endogenous
small RNA components with respect to p19’s ability to bind to siRNAs, we examined the interactions of
p19 with human miR-122, a 23-nucleotide duplex miRNA containing several mismatched base pairs that
is highly abundant in the liver. The binding characteristics were compared with those of an siRNA optimized
against the human kinase CSK. The binding studies were performed using fluorescence polarization
experiments on duplex oligonucleotides containing Cy3 dye labels at the 5′-end of one of the strands of
RNA as well as electrophoretic gel mobility shift assays. Both methods indicate that the synthetic siRNA
with no mismatches in base pairing bound with >3-fold selectivity over that of miR-122. Our results
suggest that p19 can distinguish between siRNAs and miRNA species, although the difference in binding
constants is not so large that interactions with endogenous miRNAs can be totally ignored.

The RNA silencing pathway involves the biogenesis of
siRNA molecules and is an important antiviral pathway in
eukaryotes (1–3). Tombusviruses use a 19 kDa protein, p19,
that acts as an siRNA inhibitor, to evade the RNA silencing
host response (4, 5). The p19 protein selectively binds to
siRNA in a size-selective manner with little dependence on
nucleic acid sequence (6–8). The unique binding properties
of p19 have already been exploited for the study of small
RNAs in both plant and mammalian systems (8–15). For
example, p19-GFP fusion proteins have been used for
localization and temporal studies during viral infections in
plants (15). The p19 protein has also been used to character-
ize the small RNAs in mouse embryonic stem cells (8). In
addition, more stable and higher-affinity variants of p19 have
also been engineered (16). Thus, a better understanding of
the binding properties and selectivity of p19 will aid in its

further utility as a tool for probing small RNAs in a number
of eukaryotic systems.

Fluorescence polarization measurements have been used
extensively to take detailed and accurate measurements of
protein-nucleic acid interactions (17). This technique relies
on a change in rotational diffusion upon binding and the
decorrelation of polarization in fluorescence. Fluorescence
polarization has been used to study the tetramer-dimer
equilibrium of the λ repressor (18), aptamer protein interac-
tions (19), domain-domain interactions (20), and DNA-p53
binding through its C-terminal domain (21). Here we
demonstrate that this approach is also well suited to assessing
protein-RNA interactions of the p19 protein with small
RNAs, including both miRNAs1 and siRNAs.

The small RNA component of a eukaryotic cell can arise
transcriptionally (22) as well as from the processing of
cytoplasmic double-stranded RNA intermediates by the RNA
silencing pathway (Figure 1). miRNAs make up a class of
endogenously produced noncoding small RNA molecules that
are transcriptionally derived. miRNAs are generally ∼21-25
nucleotides (nt) in length, are expressed in a developmental-
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and tissue-specific manner, and have been found in all metazoa
studied to date (22, 23). A number of viral genomes have also
been demonstrated to encode miRNAs that can regulate viral
and/or host gene expression (24). In principle, the p19 protein
can interact with small RNAs derived from both sources and
influence the regulatory and/or antiviral roles of these small
RNAs. In this study, we have chosen to investigate the binding
of the p19 protein to two important small RNAs that influence
hepatitis C virus (HCV) replication in human hepatocytes, miR-
122 and CSK (Figure 2A). miR-122 is a liver-specific miRNA
that comprises ∼70% of the total miRNAs found in the
liver (25, 26). The level of miR-122 expression correlates
positively with HCV replication, and miR-122 has been
demonstrated to interact with the 5′ noncoding region of the
HCV RNA genome, facilitating viral replication (27). Since
miR-122 has been demonstrated to have a positive outcome
on HCV replication, sequestration of miR-122 could lead to a
novel antiviral strategy. The second small RNA that we chose
to study, CSK siRNA, is a synthetic siRNA that downregulates
carboxyl-terminal Src kinase (CSK) which influences HCV
replication by regulating the phosphorylation of a key viral
protein, NS5A (28). Herein, we demonstrate that the p19 protein
is able to bind to both of these small RNA species, and we
have performed detailed binding studies of these interactions
using fluorescence polarization and fluorescence-based elec-
trophoretic mobility shift assays (EMSA). The results show that,
in principle, p19 may be used to sequester siRNAs and/or
miRNAs from diverse sources and has the potential to be used
as an antiviral tool to sequester small RNAs that are important
for replication or pathogenesis of viruses such as HCV.

EXPERIMENTAL PROCEDURES

Expression Plasmid and siRNA Sequences. The histidine-
tagged (His-tagged) Carnation Italian Ringspot virus (CIRV)
p19 construct (p19) that was used contains a codon-optimized

p19 sequence that was subcloned by PCR into the pTriEx
4-neo vector (EMD Biosciences, San Diego, CA) with a
C-terminal His8 tag as described previously (29). The siRNAs
used were duplex RNA purchased from Dharmacon (Lafay-
ette, CO). siRNA sequences used in this study were as
follows: unlabeled CSK 21 nt siRNA, 5′-CUA CCG CAU
CAU GUA CCA UdTdT-3′; Cy3-CSK 21 nt siRNA, 5′-Cy3-
CUA CCG CAU CAU GUA CCA UdTdT-3′; and Cy3-GL2

FIGURE 1: Schematic representation of the small RNA suppressor activities of p19 in eukaryotes. Small RNAs can arise transcriptionally
from primary miRNAs (pri-miRNAs) or can be derived from dsRNAs in the cytoplasm. Small RNAs (siRNAs and miRNAs) are taken up
by the RNA-induced silencing complex (RISC) and unwound, and one strand of the small RNA is used to target complementary mRNAs
for degradation, translational inhibition, or accelerated deadenylation. The p19 protein binds to small RNA duplexes and prevents their
incorporation into the RISC complex and hence the downstream effects of the small RNAs on gene expression.

FIGURE 2: Binding curve analyses of CIRV p19 with various small
RNAs obtained from fluorescence polarization. (A) Structures of
small RNA duplexes. The mispairing of bases in the 23 nt duplex
of miR-122 is illustrated showing the bulges in the structure of the
miRNA. The binding curves for (B) Cy3-CSK siRNA (21 nt), (C)
Cy3-GL2 siRNA (28 nt), and (D) Cy3-miR-122 are shown. The
curves were obtained by plotting the change in polarization as a
function of the concentration of the p19 dimer using 40 nM small
RNA (Cy3-CSK siRNA and Cy3-miR-122) or 2 µM small RNA
(Cy3-GL2 siRNA). All measurements were carried out in triplicate.
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28 nt siRNA, 5′-Cy3-ACA UCA CGU ACG CGG AAU
ACU UCG AAdT dT-3′. The purity for both CSK and GL2
siRNAs was demonstrated to be >95% according to the
manufacturer’s specifications. The microRNA duplex (Cy3-
miR-122) used in this study was also purchased from
Dharmacon with the following sense and antisense se-
quences, respectively: 5′-UGG AGU GUG ACA AUG GUG
UUU GU-3′ and Cy3-5′-AAA CGC CAU UAU CAC ACU
AAA UA-3′. miR-122 was deprotected, annealed, and
precipitated according to the manufacturer’s protocols. To
ensure that all of the labeled strands were duplexed, we used
a slight excess of the unlabeled strand during annealing of
miR-122 duplexes. All RNAs obtained from the manufac-
turer were PAGE-purified and desalted using reverse-phase
HPLC.

Protein Expression and Purification. Bacterial expression
of p19 was carried out as previously described (29). Briefly,
Escherichia coli strain BL21(DE3) cells harboring the p19
construct were grown at 37 °C until an OD600 of 0.5-0.6
was achieved. Expression of p19 was induced by IPTG at a
final concentration of 1 mM. Cultures were then grown for
an additional 4-5 h at 30 °C. After the cells had been
harvested, bacterial pellets were resuspended in lysis buffer
[50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, 1 mM
dithiothreitol (DTT), and 1 mM benzamidine (pH 8.0)] and
lysed by sonication on ice. The soluble fraction containing
the His-tagged p19 protein was loaded onto a nickel affinity
column (GE Healthcare, Piscataway, NJ). After protein
binding, the resin was washed with wash buffer [50 mM
NaH2PO4, 300 mM NaCl, and 60 mM imidazole (pH 8.0)].
Elution of the His-tagged p19 was carried out using elution
buffer [50 mM NaH2PO4, 300 mM NaCl, and 250 mM
imidazole (pH 8.0)], and 10 mM DTT was added im-
mediately to the eluate. The pooled eluates were concentrated
to 0.5 mL using the Amicon Ultra 10 kDa MWCO
centrifugal filter device (Millipore, Concord, MA). The
concentrated samples were then injected into a Superdex 200
size exclusion column (Pharmacia, Peapack, NJ) at a flow
rate of 0.5 mL/min. The p19 protein elutes as a stable dimer
and is recalcitrant to denaturation even after being boiled
for 15-20 min (13, 16, 29). Fractions containing the desired
p19 proteins, as determined by SDS-PAGE analysis, were
pooled and stored at 4 °C for subsequent assays. Pooled p19
fractions were monitored by SDS-PAGE as a single band
and estimated to be >95% pure.

Fluorescence Polarization and Data Analysis. Samples
were prepared by allowing incubation of 40 nM, 80 nM,
200 nM, or 2 µM Cy3-labeled siRNAs or microRNA with
various concentrations of purified p19 in phosphate-buffered
saline (PBS) [8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L Na2HPO4,
and 0.24 g/L KH2PO4 (pH 7.4)] with 10 mM DTT at room
temperature for 1 h. Fluorescence polarization measurements
were then carried out using a Fluorolog Tau-3 Lifetime
System (HORIBA Jobin Yvon Inc., Edison, NJ) at room
temperature. Polarization was monitored at 560 nm (with a
bandwidth of 1 nm) with excitation at 546 nm (with a
bandwidth of 6 or 10 nm). Polarization is expressed as

P)
IV -GIH

IV +GIH
(1)

where IV and IH are the vertically and horizontally polarized
emission intensities, respectively, when vertically polarized

light is used to excite the sample. The G factor (measured
experimentally) takes into account instrumental effects,
and G ) IHV/IHH, where IHV and IHH are the vertically and
horizontally polarized emission intensities, respectively, when
horizontally polarized light is used to excite the sample. The
polarization of each sample was calculated from an average
of 10 measurements each of IV and IH, and triplicate values
of such a set of averages were collected. The resulting
concentration-dependent increase in polarization was plotted
against the concentration of the p19 dimer (since the p19
protein binds to one molecule of siRNA as a dimer) (6, 7)
and fitted according to the following equation:

∆P)∆Pmax[Kd + np+ x

2np
-�(Kd + np+ x

2np )2

- x
np ] (2)

where ∆Pmax denotes the maximal change in polarization,
Kd is the dissociation constant, n is the number of equivalent
sites on the p19 dimer, p is the concentration of labeled small
RNA, and x is the concentration of the p19 dimer.

A competitive study was carried out by premixing 2 µM
Cy3-CSK 21 nt siRNA with same molar ratio of the p19
dimer at room temperature for 1 h. Samples were then titrated
with increasing concentrations of unlabeled CSK 21 nt
siRNA for 1 h at room temperature, and the decrease in
fluorescence polarization was measured. The resulting con-
centration-dependent decrease in polarization was fitted to
the following equation:

∆P)
∆Pmax

Kd(K’d + x)

K’d + p
+ 1

(3)

where ∆Pmax denotes the maximal change in polarization,
Kd is the dissociation constant for one small RNA, K′d is the
dissociation constant for the competing small RNA, p is the
concentration of labeled small RNA, and x is the concentra-
tion of the unlabeled small RNA.

Electrophoretic Mobility Shift Assays (EMSA) and Data
Analysis. For direct binding experiments, samples were
prepared by allowing incubation of 40 nM, 80 nM, 200 nM,
or 2 µM labeled RNA with various concentrations of purified
p19 in buffer containing 20 mM Tris, 100 mM NaCl, 1 mM
EDTA, 0.02% (v/v) Triton X-100, and 1 mM tris(2-
carboxyethyl)phosphine (TCEP) (pH 7) for 1 h at room
temperature. For the competition experiment, 1 µM Cy3-
CSK siRNA was premixed with the same molar ratio of the
p19 dimer at room temperature for 1 h. Samples were then
titrated with various concentrations of unlabeled CSK siRNA
for 1 h at room temperature. Two microliters of 5×
Hi-Density TBE sample buffer (Novex, Invitrogen Inc.) was
added to 18 µL of the binding reaction mixture. Ten
microliters of each sample was analyzed by electrophoresis
at a constant voltage of 100 V for 1 h through a 6% TBE
DNA retardation gel in 1× TBE running buffer (Novex,
Invitrogen Inc.). Bands corresponding to bound and free
fluorescently labeled siRNAs and miRNAs were quantified
with a Molecular Dynamics Typhoon phosphorimager (GE
Healthcare) and ImageJ (National Institutes of Health,
Bethesda, MD). The data from the direct binding experiments
were fitted to eq 2, and the competition binding experiment
was fitted to eq 3.
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RESULTS

Quantification of p19-Small RNA Interactions in Solution
Using Fluorescence Polarization. Fluorescence polarization
was used to quantify the binding interactions between the
p19 protein and small RNA species (siRNAs and miRNAs).
Fluorescence polarization measurements are based on ob-
servations of the rotational motion of fluorescently labeled
molecules in solution and do not require the separation of
bound and free ligand. Thus, information about the true
equilibrium of the molecular interactions can be obtained
using this technique (17, 30). For example, when linearly
polarized light is used to excite a rapidly rotating fluorophore-
conjugated small RNA molecule in solution, the emitted light
will rapidly become depolarized. However, when the fluo-
rophore-conjugated small RNA molecule is bound by p19,
the larger complex tumbles much slower in solution and the
emitted light will remain polarized on a significantly longer
time scale. In our experiments, the small RNAs were
conjugated to the Cy3 fluorophore. Initially, the optimal
wavelengths for excitation (546 nm) and emission (560 nm)
were determined according to the excitation and emission
spectra of Cy3. To determine the minimum concentration
of the fluorophore that gives a detectable intensity by the
instrument, samples with various concentrations of the Cy3
dye were excited at 546 nm and the vertical and horizontal
components of the emitted light were measured at 560 nm.
It was found that fluorescence could be measured with a
sufficient signal-to-noise ratio at concentrations as low as
40 nM. We performed similar experiments on the Cy3-
conjugated small RNA samples. The measurements taken
with the Cy3-conjugated small RNAs verified that the
conjugation of the Cy3 fluorophore to the small RNA did
not result in a change in the excitation and emission spectra
of Cy3. In addition, varying the concentration of the Cy3-
conjugated small RNA did not have a significant effect on
polarization. However, as expected, the polarization of the
Cy3-conjugated small RNA was significantly greater than
that of the Cy3 fluorophore alone due to the overall increase
in molecular weight.

Next we investigated the dependence of fluorescence
polarization of Cy3-conjugated CSK siRNA in the presence
of p19. All fluorescence polarization measurements were
carried out in buffer containing PBS (pH 7.4), designed to
mimic physiological conditions, and 10 mM DTT, used to
prevent aggregation of p19 due to nonspecific disulfide
linkage of cysteine residues. The total fluorescence intensity
was monitored and remained constant throughout the dura-
tion of each experiment. With the increase in the concentra-
tion of p19 in the samples containing a constant concentration
of Cy3-CSK siRNA (Figure 2A), there was a gradual
increase in polarization implying that binding had occurred
between the p19 protein and the siRNA. By plotting the
change in polarization as a function of the concentration of
p19, we obtained a sigmoidal curve (Figure 2B) signifying
a dose-response relationship between the p19 protein and
the siRNA. Analysis of the curve indicates a dissociation
constant for the p19-Cy3-CSK siRNA interaction of 15 (
7 nM. The presence of the Cy3 fluorophore on the 5′ end of
the siRNA may impede its ability to bind p19 due to steric
hindrance. The dissociation constant determined by fluores-
cence polarization in this study is smaller than the value

determined from our previous studies using a fluorescence
detection method on Ni2+-NTA-coated plates (16, 29) (Table
1). The lower affinity obtained from the fluorescence detec-
tion method on Ni2+-NTA-coated plates may be due to the
conformational restriction of p19 as a result of surface
binding which may hinder its ability to bind to siRNA.

To be certain that the observed change in polarization is
due to the binding of functional p19 with the target Cy3-
CSK siRNA, we investigated the dependence of the change
in fluorescence polarization in the presence of a longer duplex
siRNA. The curve obtained from the fluorescence polariza-
tion experiment with the 28 nt Cy3-GL2 siRNA (Figure 2A)
is shown in Figure 2C. The dissociation constant was
estimated to be approximately 1790 ( 182 nM (Table 1),
an almost 120-fold decrease in affinity compared to that of
the 21 nt Cy3-CSK siRNA. This is consistent with previous
results obtained by our group (29) and others (6) in which
p19 was demonstrated to bind with decreasing affinities to
siRNAs of increasing length from 21 to 28 nt. We were
unable to reach saturation using this siRNA due to the
solubility limitations of concentrations of p19 >20 µM. This
demonstrates the size-selective binding of p19 to siRNA
using the fluorescence polarization method which is consis-
tent with the known binding behavior of p19 from previous
studies (6, 16, 29).

p19 Is Able To Bind to a Human miRNA, miR-122, with
Nanomolar Affinity. The binding of p19 with miR-122 was
also investigated by fluorescence polarization. miR-122 is a
23 nt miRNA containing several mismatched base pairs
resulting in structural irregularities or bulges in the dsRNA
duplex when compared to the perfectly complementary
siRNA duplex (Figure 2A). Plotting the data from the
polarization measurements of Cy3-miR-122 with varying
concentrations of p19 also resulted in a sigmoidal curve
(Figure 2D) with a dissociation constant of 47 ( 7 nM (Table
1). The binding affinity of p19 for Cy3-miR-122 shows a
>3-fold decrease in affinity when compared with that for
Cy3-CSK siRNA. The lower affinity is most likely due to
the steric hindrance of the bulges arising from mismatched
base pairs in the miRNA duplex on p19. However, the
affinity did not decrease to the same degree as that of the 28
nt Cy3-GL2 siRNA, perhaps due to the less dramatic length
difference of the 23 nt Cy3-miR-122 as compared with the
21 nt Cy3-CSK siRNA. The mismatches in the miR-122
structure may also compress the actual length of the 23 nt
miRNA duplex so that it appears slightly shorter, similar to
a 21 nt siRNA molecule. As a result, the p19 dimer may be

Table 1: Dissociation Constants for CIRV p19 and Small RNAs

Kd (nM)

Ni-NTAa
fluorescence
polarization EMSAb

Cy3-miR-122 (23 nt) 450 ( 91 15 ( 7 21 ( 3
Cy3-GL2 siRNA (28 nt) ∼35000c 1790 ( 182 ∼20000c

Cy3-CSK siRNA (21 nt) N/A 47 ( 7 223 ( 43d

199 ( 186e

unlabeled CSK siRNA N/A 12 ( 2 7 ( 3
a Fluorescence detection with a 96-well Ni-NTA-coated plate.

b Electrophoretic mobility shift assay performed at 40 nM RNA.
c Binding experiments were performed at 200 nM siRNA and were not
able to reach saturation. d Performed with 5′-sense-labeled miR-122.
e Performed with 5′-antisense-labeled miR-122. Similar values were
determined at 200 nM miR-122.
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able to accommodate the miR-122 duplex between the two
end-capping helices (see Discussion).

Fluorescence-Based EMSA as an AlternatiVe Method for
Assessing p19-Small RNA Interactions. The binding be-
haviors of p19 with the Cy3-labeled small RNAs examined
by fluorescence polarization were also investigated with
EMSA. This technique is also commonly used to assess
protein-nucleic acid interactions (31). In a previous study,
conducted by Vargason and colleagues, EMSA were used
to analyze the binding affinity and specificity of CIRV p19
with 32P-radiolabeled siRNAs (6). For comparison with our
fluorescence-based techniques, we performed similar EMSA
experiments with fluorophore-labeled small RNAs. In addi-
tion, the use of fluorescence labeling as the detection marker
for EMSA in place of 32P radiolabeling can avoid the use of
radioactivity while retaining similar sensitivities with the use
of modern laser-based scanners.

The EMSA experiments were performed by allowing
binding of the Cy3-labeled small RNA samples with various
concentrations of p19 in solution under conditions similar
to those of the fluorescence polarization experiments de-
scribed above before gel electrophoresis. Figure 3A illustrates
a representative EMSA experiment showing the interaction
between p19 and the Cy3-CSK siRNA. There is a gradual
increase in the fluorescence intensity of the slower migrating
bands with an increase in p19 concentration, corresponding
to the labeled small RNA population in complex with p19.
In contrast, there was a gradual decrease in intensity of the
faster migrating bands corresponding to unbound labeled
siRNA, indicating an increase in the size of the population
of labeled siRNA molecules in complex with p19. The band
intensities corresponding to the p19-small RNA complex
were measured and plotted as a function of p19 concentra-
tion. Curves corresponding to Cy3-CSK siRNA (21 nt)

(Figure 3B), Cy3-GL2 siRNA (28 nt) (Figure 3C), and Cy3-
miR-122 (Figure 3D) also show a dose-response relationship
between the small RNAs and p19. The dissociation constant
of p19 in complex with Cy3-CSK siRNA (21 nt) obtained
from EMSA (21 ( 3 nM) was comparable to that from
fluorescence polarization [15 ( 7 nM (Table 1)]. The EMSA
binding curve for Cy3-miR-122 (23 nt) was larger than that
obtained by fluorescence polarization [223 ( 43 nM and/or
199 ( 186 nM (Table 1)]. For Cy3-GL2 siRNA (28 nt), the
EMSA binding curve did not reach saturation; however, the
estimated dissociation constant values are consistent with
those obtained by fluorescence polarization (Table 1). This
indicates that the binding affinities of p19 in complex with
small RNAs obtained by fluorescence polarization and
EMSA measurements are consistent with one another.

The 5′-Cy3 Fluorophore Has a Minimal Effect on
p19-Small RNA Interactions. To determine whether the
presence of the Cy3 fluorophore on the small RNAs used in
our study has any effect on p19 binding, we conducted
competition experiments with the Cy3-labeled CSK siRNA
and unlabeled CSK siRNA for p19 binding using both the
fluorescence polarization and EMSA methods. The competi-
tion experiments were carried out by allowing incubation of
a 1:1 molar ratio of p19 with Cy3-CSK siRNA and then
titrating with increasing concentrations of unlabeled CSK
siRNA. Fluorescence polarization was measured at each
concentration of unlabeled small RNA. Likewise, we con-
ducted the competition experiment by EMSA under similar
conditions except that the samples were loaded onto a gel
and examined by in-gel fluorescence. We observed that as
the unlabeled siRNA concentration was increased, there was
a gradual decrease in the fluorescence intensity of the bands
corresponding to the labeled small RNA population in
complex with p19 as seen in Figure 4A. In contrast, there
was a gradual increase in the intensity of the bands
corresponding to unbound labeled siRNA, demonstrating the
competition between labeled and unlabeled CSK siRNA for
binding with p19.

Measurements from back-titration experiments for both
fluorescence polarization and EMSA methods were plotted
as a function of unlabeled CSK siRNA concentration (Figure
4B,C). The dissociation constants of p19 with unlabeled CSK
siRNA were calculated according to eq 3 for the fluorescence
polarization (12 ( 2 nM) and EMSA (7 ( 3 nM) experi-
ments, as summarized in Table 1. Surprisingly, the values
of the Cy3-labeled and unlabeled CSK siRNAs were similar
in magnitude, indicating that the presence of the Cy3
fluorophore has a minimal effect on the binding of p19 to
the siRNA. These results also confirm that the lower affinity
obtained with the fluorescence detection method on the Ni2+-
NTA-coated plate (16, 29) was not due to the presence of
the Cy3 fluorophore but was likely a result of surface effects.
However, the latter fluorescence detection method using 96-
well Ni2+-NTA-coated plates is a rapid, high-throughput
fluorescence detection method for screening small RNA-p19
interactions.

DISCUSSION

The ability of p19 to bind to various classes of small
RNAs, from perfectly complementary siRNAs to more
irregularly structured miRNAs, makes it an important tool

FIGURE 3: Electrophoretic mobility shift assays of p19-small RNA
interactions. (A) A representative gel for determining the dissocia-
tion constant for p19 and CSK siRNA performed with 40 nM Cy3-
CSK siRNA (21 nt) with varying concentrations (0-512 nM) of
the p19 dimer. Curves in panels B and C were obtained by plotting
the normalized fluorescent band intensities as a function of the
concentration of the p19 dimer for the labeled small RNAs (40
nM Cy3-CSK siRNA and Cy3-miR-122; 200 nM GL2 siRNA).
The binding curves for (B) Cy3-CSK siRNA (21 nt), (C) Cy3-
GL2 siRNA (28 nt), and (D) Cy3-miR-122 (23 nt) are shown.
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for studying these broad classes of small RNAs in a variety
of in vitro and in vivo systems. It has previously been
demonstrated that p19 has the ability to bind miRNAs in
human cells (14), as well as the ability to bind siRNAs of
differing lengths (6, 29). Since the large class of miRNAs
identified to date has a wide degree of secondary structures
(32), we expect that the degree of complementarity and the
varying lengths of the miRNAs will result in a wide degree
of p19 binding affinities. In this study, we further characterize
the interactions of p19 with a specific irregularly structured
miRNA, miR-122, by fluorescence polarization and fluores-
cence-based EMSA. We demonstrate that p19 can bind miR-
122 with nanomolar affinity. The >3-fold reduction in
affinity in comparison with p19’s interaction with a conven-
tional 21 nt duplex siRNA (CSK siRNA) is likely due to
perturbations to the known p19-siRNA interactions as a
result of the structural irregularities arising from the base
pair mismatches in the miR-122 duplex.

Assuming the 23 nt miR-122 duplex in complex with
CIRV p19 adopts a slightly compressed conformation similar
in length to that of a perfectly complementary A-form 21 nt
siRNA duplex (as in ref 6), it is likely that the miRNA docks
into the protein in a fashion similar to that of the CSK siRNA
duplex (Figure 5). If this is the case, the presence of the
asymmetric bulges in the miR-122 duplex results in two
possible orientations of the miR-122 duplex within the CIRV
p19 dimer (Figure 5B,C). Since the interactions of the siRNA
molecule with the p19 dimer involve interactions with amino
acid residues from both monomer subunits, we will dif-
ferentiate residues of one p19 monomer from the other by
designating them A and B.

In the first orientation (Figure 5B), the bigger (2 nt) bulge
will likely affect the interactions of Lys60(A) and Arg18(A)
with the miR-122 phosphate backbone. The compression in

the length of the miRNA molecule due to the bulges may
result in a significant shift in the phosphate backbone which
could also have an effect on the interaction with Gln107(A).
The smaller (1 nt) bulge is likely to overlap with the position
of the central nucleotide (nucleotide 10 from the 5′ end of
the sense strand) of CSK siRNA (Figure 5A), as observed
in the crystal structure of the CIRV p19-bound siRNA
complex (6). In this position, the smaller (1 nt) bulge is likely
to disrupt the interaction of Ser120(B) and Ser113(B) with
the sugar groups of miR-122. Interactions of the Lys67(A),
Arg11(A), Arg115(B), and Ser62(B) residues with the miR-
122 phosphate backbone are also likely to be at least partially
disrupted.

In the second orientation of miR-122 docking into p19
(Figure 5C), the bigger (2 nt) bulge will likely affect the
interaction of the Lys60(B) and Arg18(B) residues with
the miR-122 phosphate backbone. Since the position of the
bigger (2 nt) bulge is opposite to that of the first orientation,
a shift in the miR-122 backbone is likely to affect the
interaction of the miR-122 sugar and phosphate groups with
Gln107(B). In addition, like the first orientation (Figure 5B),
the overlap between the smaller (1 nt) bulge with the position
of the central nucleotide (nucleotide 10 from the 5′ end of
the sense strand) of the CSK siRNA (Figure 5A) is also likely
to be slightly shifted. In this case, interactions between the
Ser120(B) and Ser113(B) residues and the miR-122 sugar
groups and the interaction of the Lys67(A), Arg11(A), and
Ser62(B) residues with the phosphate backbone will likely
be affected, but the interaction with Arg115(B) is likely to
be partially recovered (Figure 5C). The predicted perturba-
tions to the interaction of the p19 residues, known to interact
with siRNAs (6), with the asymmetric and irregular miR-
122 molecule described here, are likely to account for the
>3-fold decrease in affinity of p19 for the miR-122 molecule
that we observe in the fluorescence polarization measure-
ments (Figure 2 and Table 1).

The capacity of p19 to bind to miR-122 with nanomolar
affinity requires the retention of key interactions between
p19 and the miR-122 molecule. Electrostatic interactions
between the miR-122 phosphate groups and p19 residues
Gln107(B), Lys60(A), Arg18(A), Thr40(A), and Trp42(A)
and interactions between the sugar groups and Gln107(B),
Thr40(A), Thr40(B), and Arg43(A) in the first orientation
are far from the bulges, and these contacts are hypothesized
to be sustained (Figure 5B). Similarly, interactions between
the phosphate groups and Lys60(B), Arg18(B), Thr40(A),
Thr40(B), Gln107(A), and Arg115(B) and interactions
between the sugar groups and Arg43(A) and Thr40(A) in
the second orientation are also likely to remain intact (Figure
5C). Moreover, we anticipate that the end-capping interac-
tions with Trp39 and Trp43 are also maintained and probably
account for the bulk of the binding affinity of p19 for miR-
122 (Figure 5B,C). As seen in Figure 5A, both ends of the
19 bp duplex region of the 21 nt siRNA are capped by key
contacts between the Trp39 and Trp42 residues on each
monomer of the p19 dimer. In addition, as demonstrated by
Vargason and colleagues, there is a 22-fold decrease in the
affinity of p19 for a 23 nt siRNA in comparison with that
for a conventional 21 nt siRNA (6). However, greater
differences in length result in magnitude order decreases in
affinity (6). Since miR-122 is 23 nt in length, and the bulges
are expected to slightly compress the length of the molecule,

FIGURE 4: Competition experiments with labeled and unlabeled
small RNAs. (A) Gel from an EMSA performed with a 1:1 molar
ratio of the p19 dimer to Cy3-CSK siRNA (21 nt) with varying
concentrations (1-8000 nM) of competitor unlabeled CSK siRNA
(21 nt). (B) Competition binding curve obtained by plotting the
normalized fluorescent band intensities from panel A as a function
of the concentration of competitor unlabeled CSK siRNA. (C)
Competition experiment between labeled and unlabeled CSK siRNA
with p19 as measured by fluorescence polarization. The competition
binding curve was obtained by plotting the change in polarization
as a function of the concentration of competitor (unlabeled CSK
siRNA). All measurements were carried out in triplicate.

p19-Small RNA Interactions Biochemistry, Vol. 47, No. 31, 2008 8135



this could allow the duplex region to adopt a length closer
to that of the standard 19 bp A-form dsRNA duplex (33) to
fit between the two end-capping helices of the p19 dimer.
Therefore, we anticipate that the p19 end-capping interactions
with miR-122 are similar to those with conventional 21 nt
siRNA and largely account for the p19-miR-122 binding
affinity.

Protein-nucleic acid interactions often involve confor-
mational changes to both the apoprotein and nucleic acid
ligand upon binding (34–37). These conformational changes
facilitate binding by maximizing the number of interactions

at the protein-nucleic acid interface. Many nucleic acid-
binding proteins alter the shape of their targets upon binding,
demonstrating a close relationship between the conforma-
tional changes of the nucleic acid to complex formation and
binding specificity (6, 7, 38–41). For example, in the crystal
structure of the Drosophila sex-lethal (Sxl) protein-RNA
complex, the RNA target is sharply bent into a V-shaped
conformation within the protein’s binding cleft (41). More
specifically, in the crystal structures of p19-siRNA com-
plexes, there is a 40° bend in the siRNA molecule when
bound by p19 (6, 7). This bending seems to maximize the

FIGURE 5: Schematic representation of p19 protein-small RNA contacts. (A) Interaction of p19 with CSK siRNA based on the crystal
structure of the CIRV p19-siRNA complex described in ref 6. The proposed interactions between CIRV p19 and miR-122 in orientation
1 and orientation 2 are shown in panels B and C, respectively. The p19 amino acid residues from each monomer subunit are distinguished
by designating them A and B. Contacts between amino acid residues and the small RNA phosphate backbone and sugar groups are shown
as dashed lines, and stacking interactions are shown as solid lines. Phosphate groups colored green and sugar residues colored blue are the
contacts predicted to be disrupted due to the irregular bulges in the miR-122 duplex.
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contacts between the siRNA backbone sugar and phosphate
groups and the concave binding surface of the p19 dimer.
The conformation of the miR-122 molecule may also be
adjusted in a similar fashion to maximize its interaction with
p19.

Ligand-induced conformational changes in protein struc-
ture are also widely recognized in protein-nucleic acid
interactions (42–46). For example, conformational flexibility
is thought to be important for binding of Ro protein to its
RNA target (46). In addition, in the model of the Dicer
enzyme-dsRNA complex, the flexible hinges of the protein
are suggested to be crucial for dsRNA binding and processing
(45). The inherent flexibility of the p19 protein dimer
therefore should allow it to tolerate the irregular structure
of the miR-122 molecule.

In addition, RNA binding proteins often contain arginine-
rich motifs (ARMs) that are able to cross-recognize diverse
RNA ligands (47). This results from different combinations
of electrostatic interactions between multiple Arg residues
and the RNA phosphate backbone (47). For the p19 protein,
the presence of multiple Arg residues in the RNA binding
surface (6, 16, 48), combined with the inherent flexibility of
the protein and nucleic acid ligands, may allow p19 to form
new contacts with the miR-122 molecule. These new contacts
may compensate for the loss of interactions arising from the
bulges in the miR-122 molecule.

CONCLUSION

In conclusion, we have demonstrated that fluorescence
polarization and fluorescence-based EMSA experiments can
be applied to the study of p19-small RNA interactions. The
detailed binding studies of p19 with miR-122 indicate that
p19 binds the miRNA with nanomolar affinity. The binding
interactions can be understood by the orientations of the miR-
122 bulges relative to the key amino acid residues in p19
that interact with siRNA. The ability of p19 to bind to miR-
122 and to other miRNAs (14) gives it the potential to be
used as a versatile tool for the investigation of small RNA
function in eukaryotes. Since a number of viruses have been
demonstrated to encode their own viral miRNAs or interact
with cellular miRNAs (27, 49, 50), sequestration and
silencing of specific miRNAs in vivo could be a novel
approach to inhibiting viral replication. The use of p19 in
this way would effectively turn a viral protein into an
antiviral agent. However, it is likely that this would neces-
sitate site-directed engineering of the p19 protein for
introduction of greater specificity and higher affinity for
specific miRNAs, such as miR-122. In addition, the sup-
pression of miRNAs by p19 may serve as a unique approach
to understanding the roles of miRNAs in development and
disease.
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