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Studies of a viral suppressor of RNA silencing p19-CFP fusion protein: A FRET-based
probe for sensing double-stranded fluorophore tagged small RNAs
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Eukaryotes have evolved complex cellular responses to double-stranded RNA. One response that is highly
conserved across many species is the RNA silencing pathway. Tombusviruses have evolved a mechanism to
evade the RNA silencing pathway that involves a small protein, p19, that acts as a suppressor of RNA
silencing. This protein binds specifically to small-interfering RNAs (siRNAs) with nanomolar affinity in a
sequence-independent manner and with size selectivity.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

TheAequorea victoriagreenfluorescent protein (GFP) has beenwidely
applied for imaging and as both donor and acceptormolecules for Förster
resonance energy transfer (FRET) to report on the distance-dependent
molecular interactions and for thebiosensingofmolecularbindingevents
in vitro and in vivo [1–4]. For example, engineered ‘chameleon’ proteins
that include the fusion of the donor cyan fluorescent protein (CFP), a
calmodulin domain, the calmodulin binding domain of myosin light
chain kinase, and an acceptor yellowfluorescent protein (YFP) have been
very successful at sensing calcium concentration gradients in living
systems using FRET [4–7]. Genetically encoded FRET-based probes have
also been successfully applied to the examination of receptor function,
protein dimerization and a host of other physiologically relevant
biomolecular interactions [3,4,8–12]. Yet few examples exist where
such fusion proteins have been applied to sense RNA. FRET-based
approaches have been applied to sense RNA. For example, molecular
beacons have been used successfully to sense oligonucleotides [13–19];
however, the application of these probes to visualize RNAwith size- and
sequence-specificity remains challenging. Herewe demonstrate a simple
fusion protein based on the Carnation Italian ringspot virus protein p19
[20–27] and CFP. The p19 protein is able to suppress RNA silencing by
ar Sciences, National Research
A 0R6. Tel.: +1 613 993 7253;

iekolo),
rc.ca (J. Cheng),
rc.gc.ca (J.P. Pezacki).

ll rights reserved.
binding and sequestering 21 nucleotide (nt) short interfering RNAs
(siRNAs). The p19-CFP fusion protein reported herein can sense small
RNAs through intermolecular FRET from CFP donor to the Cy3 acceptor
attached to siRNA (Scheme 1).

The cellular double-stranded RNA (dsRNA) response is a critical
componentof thecellular response toRNAviruses in eukaryotes [28], and
the evolutionarily conserved RNA silencing pathway represents an
important part [29–34]. Tombusviruses, a family of single-stranded
RNAviruses of plants, have adapted amechanism to evade RNA silencing
that involves a 19 kDa protein (p19) that acts as an siRNA inhibitor [21–
23,35]. Dimeric p19 binds to and sequesters siRNAs preventing their
incorporation into the RISC [21–23,35]. The p19 dimer also binds
selectively to 21-nt double-stranded siRNA with high affinity in a size-
selective and relatively sequence-independent manner. A number of
assays for siRNAdetection and quantification have been developed based
on p19 because of its ability to act as a molecular ruler and distinguish
between different types of small RNAs [24–27,36,37]. Here we establish
the use of a Carnation Italian ringspot virus (CIRV) p19-CFP fusionprotein
andCy3 labeled siRNAas a suitable FRETpair for the convenient and rapid
sensing of siRNA protein interactions. Described herein are the steady-
statefluorescence studies of the FRET pair that demonstrate its utility as a
probe for small RNA sensing.

2. Experimental methods

2.1. Cloning of CIRV 2x-p19-CFP

The pTriEx-2x-p19-CFP recombinant plasmid was designed from
the linked dimer vector, CIRV p19-2x-p19-H, constructed previously [24].
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Scheme 1. FRET detection developed using the 2x-p19-CFP protein. Excitation of CFP at 434 nm leads to FRET to the acceptor Cy3 attached to CSK siRNA detected at 561 nm.

167R. Koukiekolo et al. / Biophysical Chemistry 143 (2009) 166–169
The BamHI restriction site was generated at the N-terminus of p19-2x-
p19 sequence using the site-directed mutagenesis resulting to the
construct pTriEx-BamHI-p19-2x-p19. Mutagenesis reactions were car-
ried out employing the QuickChange II site-directed mutagenesis kit
(Stratagene) and a pair of complementary mutagenic primers. The
sequence of the forward primer was designed as follow: sense 5′-AGA-
TATACCATGGAAGGATCCCGCGCTATC-3′ and anti-sense 5′-GATAGCGC-
GGGATCCTTCCATGGTATATCT-3′. The integrity of the mutated plasmid
was confirmed by sequencing. The DNA plasmid template pOpsin-CFP
was kindly provided by Paul Shin-Hyun Park (Department of Pharmacol-
ogy, CaseWesternReserveUniversity, Cleveland). pOpsin-CFPencodes an
enhanced cyan fluorescent variant of the Aequorea victoria green
fluorescent protein gene (GFP). The coding region of CFP gene was
amplified from pOpsin-CFP by PCR using gene-specific primer sets that
areflankedbyBamHI (sense5′-CGAGGATCCATGGTGAGCAAGGGC-3′ and
anti-sense 5′-AGTCGCGGCCGGATCCCTTGTACAGCTCGTCCATGC). The
amplified BamHI PCR product was digested with BamHI and inserted
into BamHI-cleaved pTriEx-BamHI-p19-2x-p19. The resultant construct,
pTriEx-2x-p19-CFP, was confirmed by sequencing.

2.2. Protein expression and purification

Bacterial overexpression of CIRV 2x-p19-CFP was carried out in
Escherichia coli strain BL21 (DE3) cells harboring the pTriEX-2x-p19-CFP
construct at 37 °C until an OD600 of 0.5–0.6 was achieved. Expression of
CIRV 2x-p19-CFP was induced by IPTG at a final concentration of 1 mM.
Cultures were then grown for an additional 4–5 h at 30 °C. Bacterial
pelletswere resuspended in lysis buffer (50mMNaH2PO4, 300mMNaCl,
10mM imidazole,1mMDTT (pH 8.0) and lysed by sonication on ice. The
CIRV 2x-p19-CFP protein was purified from the soluble fraction of lysate
bybinding to aNi2+-NTAcolumn(Pharmacia, Peapack,NJ). The resinwas
washed with wash buffer (50 mM NaH2PO4, 500 mM NaCl, 20 mM
imidazole,1% Tween20, pH8. Elution of CIRV2x-p19-CFPwas carried out
with elution buffer (50mMNaH2PO4, 300mMNaCl, 250mM imidazole,
pH 8.0). The pooled eluates were desalted using the PD-10 column
(Pharmacia, Peapack, NJ) and concentrated into 1ml of 50mM Tris–HCl,
150 mM NaCl buffer (pH 8.0) using the Ultrafree 10-kDa membrane
(Millipore, Concord, MA). The protein purity for samples used for FRET
studieswas determined to bemore than 95% by SDS-PAGE and analytical
gel filtration experiments.

2.3. Fluorescence resonanance energy transfer measurements

Steady state fluorescence measurements were carried out using a
Fluorolog Tau-3 spectrofluorometer (Horiba Jobin Yvon, Edison, NJ).
All measurements were carried out using a 10 mm quartz cell. Sample
solution containing 100 nM 2x-p19-CFP was incubated at room
temperature in a solution containing phosphate buffered saline
(50 mM potassium phosphate, pH 7.2; 150 mM NaCl) and aliquots
of Cy3-siRNA were added to the desired concentration varying from 0
to 2 μM. After a 30 min-long equilibration following each addition,
fluorescence emission spectra were recorded. The sample was excited
at 434 nm with 2 nm excitation light band width and fluorescence
spectra were recorded in the 450–700 nm range. Fluorescence inten-
sities were measured at 475 nm and 561 nm, i.e. at maximum inten-
sity of 2x-p19-CFP and Cy3-siRNA fluorescence bands, respectively.
Quenching or fluorescence enhancement effects were evaluated using
plots of corrected fluorescence intensity (integrated emission spec-
trum) versus concentration of Cy3-siRNA. Data was analyzed using
Origin™ 7.0 graphing analysis software (Northampton, MA).

3. Results and discussion

3.1. Cloning of 2x-p19-CFP

Our primary goal in this work was to generate a genetically encoded
fusion protein containing the p19 dimer and the FRET donor (CFP) that
retained its ability to bind with size selectivity to small RNAs and to
demonstrate its ability to undergo FRETwithdye taggedRNAs. Previously
we reported linking the C-terminus of one p19 to the N-terminus of a
secondp19monomerwith (GGGGS)2 linker sequences (2x-p19) and that
this linked dimer had 3-fold higher affinity compared to wild-type p19
and retained size selectivity for 21-nt siRNAs [24]. Functional GFP-fusion
proteins of p19 have also been reported recently [38,39]. Here we
incorporated CFP analogously [38,39] into the recombinant 2x-p19 to
yield a 2x-p19-CFP. This represents a genetically encoded singlemolecule
containing the p19 dimer and the FRET donor (CFP).

3.2. FRET measurements between 2x-p19-CFP and Cy3-labeled siRNA

We have studied the interaction of 2x-p19-CFP with a Cy3-labeled
double-stranded siRNA (Cy3-siRNA) that targets the human kinase
CSK in buffered solutions. Our goal was to evaluate suitability of the
2x-p19-CFP for measuring protein-RNA interactions in FRET-based
assays. We performed several experiments starting with 100 nM 2x-
p19-CFP and varying the concentration of Cy3-siRNA. Control
experiments were also performed using 2x-p19-CFP with unlabeled
siRNA, 2x-p19-CFP with Cy3 dye only, 2x-p19 (unlabeled) with Cy3,
and 2x-p19 with Cy3-siRNA. We only observed concentration-
dependent FRET between 2x-p19-CFP and Cy3-siRNA (Fig. 1).

Significant suppression of the CFP fluorescence at 475 nm was
observed with varying concentration of Cy3-siRNA (Fig. 1). Although
we did observe significant Cy3 fluorescence at 561 nm, some of it
appeared not to originate from CFP→Cy3 FRET. To determine the Cy3
fluorescence arising only from FRET, the fluorescence signal was
corrected for the cross-channel effects, i.e. CFP donor fluorescence at
561 nm and Cy3 acceptor fluorescence directly excited at 434 nm (i.e.
donor excitation wavelength), and buffer background signal.

3.3. Binding measurement of 2x-p19-CFP fluorescence by Cy3-labeled
siRNA

The CFP fluorescence is clearly efficiently quenched allowing for
binding interactions to be determined and affinity measurements to



Fig. 2. Binding plot for 2x-p19-CFP with Cy3-siRNA as measured by FRET using 100 nM
2x-p19-CFP and the concentration of CSK Cy3-siRNA varying in the 0–2 μM range at pH
7.4 in 50 mM phosphate buffer at 21 °C, as previously described for other p19 variants.
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be made (Fig. 2). The 2x-p19-CFP fluorescence quenching due to
binding of the Cy3-siRNA to the recombinant protein experiments
were conducted by exciting 2x-p19-CFP donor and measuring
unquenched CFP fluorescence intensity while varying the acceptor
Cy3-siRNA concentration. The 2x-p19-CFP concentration was 100 nM.
The resulting concentration-dependent increase in FRET as measured
by the CFP donor fluorescence intensity, F, as a function of Cy3-labeled
siRNA concentration, x, was fit by least-squares nonlinear regression
to the binding model given by the following equation as previously
reported [27]:

ΔF = ΔFMax
Kd + np + x

2np
−
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where ΔFMax denotes the maximal change in fluorescence intensity of
CFP, Kd is the dissociation constant, n is the number of equivalent sites
on the p19 dimer, p is the concentration of labeled small RNA, x is the
concentration of the p19 dimer.

In these experiments a concentration of 100 nM2x-p19-CFPwas used
(Fig. 2) and the concentration of Cy3-siRNA was varied in the 0–2 μM
range. The measured dissociation constant was determined to be
K′d=22±5.2 nM. The K′d value agrees very well with the values
of 15±7 and 21±3 nM measured by fluorescence polarization
and electrophoretic mobility shift assay methods, respectively, for the
p19 under similar conditions [27]. This suggests that theCFP fusion has a
negligible effect on p19′s ability to bind to its target siRNA. The
magnitude of the binding constant is consistentwith the high affinity of
2x-p19-CFP for duplex 21-nt RNA. It also demonstrates the potential for
FRET probes based on p19 to efficiently report on small RNAs.

We do observe that there is a fraction of unquenchable CFP. There
are two possible sources for the unquenchable signal. Firstly, it may be
possible that alternative binding modes for Cy3-labeled CSK siRNA
exist. There are at least two possible siRNA orientations within the
binding pocket of p19 and one of these may result in inefficient CFP
quenching. Using the known structure of p19 we estimate that two
alternative binding orientations may result in a 4- to 6-fold change in
the CFP-Cy3 distance. This would result in quenching efficiency
varying by approximately 4 orders of magnitude between these two
binding modes. Secondly, it is well known that p19 sometimes forms
aggregates at higher concentrations and in an oxidizing environment
[24–27,36,37]. It is possible that a dimer or an oligomer of 2x-p19-CFP
is giving rise to a component that is unquenchable. To confirm this
hypothesis we performed size exclusion chromatography. At 2 μM
Fig. 1. Fluorescence spectra of 2x-p19-CFP fusion protein (100 nM) and Cy3 labeled RNA
in solution. Emission spectra of 2x-p19-CFP were acquired at an excitation wavelength
of 434 nm for zero and varying concentrations of Cy3-siRNA (0, 5, 10, 100, and 200 nM).
Each spectrum was corrected for cross-channel effects by subtracting the spectra of
unlabeled 2x-p19 and Cy3-siRNA acquired at the corresponding concentrations.
concentration of 2x-p19-CFP we do observe peaks corresponding to
the expected monomeric form 2x-p19-CFP as well as peaks consistent
with the expected molecular weights of 2x-p19-CFP dimers and
tetramers. However, the monomeric 2x-p19-CFP is still the major
component (greater than 50%). At 100 nM concentration of 2x-p19-
CFP the monomeric fraction is expected to be significantly larger.

We found that 2x-p19-CFP also did show size selectivity and did
not bind appreciably to either single-stranded RNA or to a 28-nt siRNA
targeting the luciferase gene [26]. CFP does not appear to cause steric
hindrance to the binding of the siRNA to the p19 dimer or limit its
ability to adopt an ideal conformation for siRNA binding.We observe a
size-selective interaction of 2x-p19-CFP with ds 21-nt siRNAs making
2x-p19-CFP a good probe for small duplex RNAs.

4. Conclusions

In summary, we have described a fusion protein based on the
siRNA suppressor protein p19 that is fused to CFP. This fusion protein
can undergo FRETwith dye labeled siRNA and this allows for the direct
sensing of the protein-RNA interaction in solution. The 2x-p19-CFP
maintains its ability to act as a molecular ruler by binding duplex
siRNAs in a size-selective manner. It can distinguish between double-
stranded small RNAs and their single-stranded counterparts that may
arise from melting or have been unwound by components of the RISC
complex. This represents a novel strategy for siRNA sensing, and a
starting point for the development of other such tools that may report
on siRNAs without the necessity for labeling of the siRNA in vivo.
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