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ABSTRACT: Tombusviruses express a 19 kDa protein (p19)
that, as a dimeric protein, suppresses the RNAs silencing
pathway during infection by binding short-interfering RNA
(siRNA) and preventing their association with the RNA-
induced silencing complex (RISC). The p19 protein can bind
to both endogenous and synthetic siRNAs with a high degree
of size selectivity but with little sequence dependence. It also
binds to other endogenous small RNAs such as microRNAs
(miRNAs) but with lower affinity than to canonical siRNAs. It
has become apparent, however, that miRNAs play a large role
in gene regulation; their influence extends to expression and processing that affects virtually all eukaryotic processes. In order to
develop new tools to study endogenous small RNAs, proteins that suppress specific miRNAs are required. Herein we describe
mutational analysis of the p19 binding surface with the aim of creating p19 mutants with increased affinity for miR-122. By site-
directed mutagenesis of a single residue, we describe p19 mutants with a nearly 50-fold increased affinity for miR-122 without
altering the affinity for siRNA. Upon further mutational analysis of this site, we postulate that the higher affinity relies on
hydrogen-bonding interactions but can be sterically hindered by residues with bulky side chains. Finally, we demonstrate the
effectiveness of a mutant p19, p19-T111S, at sequestering miR-122 in human hepatoma cell lines, as compared to wild-type p19.
Overall, our results suggest that p19 can be engineered to enhance its affinity toward specific small RNA molecules, particularly
noncanonical miRNAs that are distinguishable based on locations of base-pair mismatches. The pl19-T111S mutant also
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represents a new tool for the study of the function of miR-122 in post-transcriptional silencing in the human liver.

In the past decade, it has become apparent that small,
noncoding RNAs are key regulators of gene expression and
influence virtually all eukaryotic cellular processes.”” These
small RNAs (~20—30 nucleotides in length) inhibit specific
gene expression as determined by their nucleotide sequence.
Small RNAs have double-stranded RNA (dsRNA) precursors
that can be derived transcriptionally or from exogenous sources.
The RNA silencing pathway in cells is responsible for excising
small dsRNAs of a characteristic length from their precursors,
subsequently unwinding the duplex, locating the comple-
mentary target RNA sequence, and ultimately inhibiting its
expression." The RNA silencing pathway serves a critical role
in the cellular innate immune response to dsRNA. Particularly
in plants, the pathway serves as an antiviral response by
generating small interfering RNAs (siRNAs) which inhibit
replication of the viral genome.

Although the RNA silencing response to dsRNA is extremely
potent, several RNA viruses have evolved mechanisms of
inhibiting the pathway, thereby allowing viral propagation in
their host. Tombusviruses, such as Carnation Italian Ringspot
Virus (CIRV), are a family of RNA plant viruses that express a
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19 kDa protein, p19, which, as a dimer, binds small dsRNAs
with nanomolar affinity, thus preventing their incorporation
into the RNA-induced silencing complex (RISC).>* The bind-
ing is based on hydrogen-bonding and electrostatic interactions
between the f-sheet surface of the homodimer and the sugar—
phosphate backbone of the siRNA, thereby allowing sequence-
independent binding.>° p19 displays specificity based on size of
the siRNA, preferentially binding 21-nt siRNAs with a dramatic
drop in affinity for longer species. This size selectivity is deter-
mined by two pairs of tryptophan residues which provide end-
capping interactions that stabilize a 21-nt siRNA in the binding
pocket of the dimer.>~” Because of its unique binding proper-
ties, p19 has been used as an effective suppressor of RNA
silencing in a variety of systems, including plants,* human
cells,”*® Caenorhabditis elegans,11 and mouse embryonic stem
cells.'”” The p19 protein has also been used to profile miRNA
levels as part of an enzyme immunoassay'> and track viral infection
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in plants using a p19-GFP fusion reporter protein.'* Furthermore,
we have engineered higher affinity p19 mutants' as well as p19
fluorescent fusion constructs which sense pl9 binding to small
RNAs based on Forster resonance energy transfer (FRET).'

It has also been shown that pl9 binds another class of
small RNA molecules, microRNAs (miRNAs), with high
affinity.”®'® miRNAs are transcribed from noncoding regions
of the genome and regulate expression of endogenous genes.
Specific miRNA expression profiles correlate with tissue type
and phases of development. Disregulation of these profiles is
associated with several human pathologies, including
cancer.'” Additionally, viruses modulate host miRNA expres-
sion as well as express their own virally encoded miRNAs in
order to facilitate their gathogenesis.lg MicroRNA-122 is a
liver specific miRNA'??? whose expression has been shown
to positively regulate the replication, translation, and virion
production of the hepatitis C virus.”'~>* Consequently,
means of miR-122 sequestration are presently being
investigated as an antiviral strategy.”’

We hypothesize that pl9 can be engineered to have high
affinity and specificity for miR-122, which would allow it to be
used to sequester miR-122 in biological systems and potentially
serve as a novel antiviral tool. We have previously reported that
p19 has the ability to bind miR-122 with nanomolar affinity,
although with substantially lower affinity than for its canonical
21-nt siRNA ligands.” The differences in affinity are likely
because, unlike siRNAs, miRNAs are irregularly shaped due to
mismatches in their nucleotide sequence, which create bulges in
their secondary structure, potentially hindering interactions
with p19. In this work, we aim to identify residues in p19 that
interact with miR-122 uniquely in order to better understand
the interaction and develop p19 mutants with higher affinity for
miR-122. We have targeted the residues of the p19 binding site
we predict to interact with secondary structure elements of the
miR-122 molecule. Through site-directed mutagenesis, we have
identified several residues that affect p19’s binding affinity for
miR-122 and describe two mutants of pl9 which display a
nearly 50-fold higher affinity for miR-122 compared to wild
type. Furthermore, we demonstrate one of the pl9 mutant’s
effectiveness at sequestering miR-122 in human hepatoma cell
lines. This work lays the foundation for the use of mutant p19
proteins for the study of miRNAs, providing a protein-based
sequestration tool for miRNAs such as miR-122. This
technology will help elucidate the role of miRNAs in regulating
biological systems such as liver function as well as studying
their interactions with other targets such as viral genomes.

B EXPERIMENTAL PROCEDURES

DNA Oligonucleotides and Fluorescently Labeled
siRNAs. All DNA oligos used in the cloning experiments
were purchased from Sigma GenoSys (Oakville, ON) and
purified by reverse-phase cartridge purification. All RNAs were
synthesized by Dharmacon (Lafayette, CO), purified by
polyacrylamide gel electrophoresis (PAGE), and desalted
using reverse-phase HPLC. The purity was demonstrated to
be >95% according to the manufacturer’s specifications. The
duplexed siRNAs used in the electrophoretic mobility shift
assay have the following sense and antisense sequences,
respectively: Cy3-CSK siRNA (21-mer) 5-Cy3-CUA CCG
CAU CAU GUA CCA UdTdT-3' and 5-AUG GUA CAU
GAU GCG GUA GdTdT-3; Cy3-GL2 siRNA (28-mer)
5'-Cy3-ACA UCA CGU ACG CGG AAU ACU UCG AAdAT
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dT-3" and 5-UUC GAA GUA UUC CGC GUA CGU GAU
GUAT dT-3" The Cy3-labeled miR-122 (Cy3-miR-122) used
has the following sense and antisense sequences, respectively:
5-Cy3-AAA CGC CAU UAU CAC ACU AAA UA-3’ and
§-UGG AGU GUG ACA AUG GUG UUU GU-3'. Both
strands were deprotected, annealed, and precipitated accord-
ing 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 Cy3-miR-122 duplex.
The 21-nucleotide (nt) Cy3-labeled single-stranded (ss) RNA
(Cy3-ssRNA) has the following sequence: 5-Cy3-CGU ACG
CGG AAU ACU UCG AUU-3..

Cell Culture. Huh7.5 human hepatoma cells were grown in
an incubator at 37 °C with 5% CO,, in cell culture medium,
i, Dulbecco’s Modified Eagle Medium (DMEM) (Gibco-
Invitrogen), supplemented with 10% fetal bovine serum
(FBS), 100 nM nonessential amino acids (NEAA), 50 U/mL
penicillin, and 50 ug/mL streptomycin.

Plasmid Construction and Site-Directed Mutagene-
sis. Construction of the pTriEx-pl9 plasmid encoding the

wild-type, codon-optimized Carnation Italian Ringspot virus
pl9 protein (pl9-WT) with a C-terminal octahistidine tag
(8xHis-tag) was described previously.>® Construction of various
mutant pl9 candidates with enhanced miR-122 affinity was
performed using the QuikChange II site-directed mutagenesis
kit (Stratagene) according to manufacturer’s protocol. The
template DNA for the mutagenesis and the complementary
primer pairs used for the mutated constructs are described in
Table S1 of the Supporting Information. All constructed DNA
plasmids were confirmed by DNA sequencing.

Protein Expression and Purification. Bacterial expres-
sion of the His-tagged p19-WT and mutant derivatives was
carried out as previously described’® with the following
modifications. Briefly, E. coli strain BL21 (DE3) cells harboring
the p19 constructs were grown at 37 °C until an optical density
at 600 nm (ODygqp) of 0.5—0.6 was achieved. Expression of p19
proteins was induced by IPTG at a final concentration of
1 mM. Cultures were then grown for an additional 3—4 h at
28 °C or until ODggy reached ~1.5. After harvesting, bacterial
pellets were resuspended in lysis buffer (50 mM Tris, 300 mM
NaCl, 10 mM imidazole, 1 mM dithiothreitol (DTT), 1X
Complete EDTA-free Protease Inhibitor Cocktail (Roche), pH
8.0) and lysed by sonication on ice bath. Cell lysate was then
centrifuged at 20000g for 20 min at 4 °C. The soluble lysate
fraction containing the His-tagged p19 proteins was loaded to
HisTrap FF Ni*"-affinity column (GE Healthcare, Piscataway,
NJ). After protein binding, the resin was washed with 10
column volumes of wash buffer (50 mM Tris, 300 mM NaCl,
50 mM imidazole, pH 8.0). Elution of the His-tagged p19
proteins was carried out using elution buffer (50 mM
NaH,PO,, 300 mM NaCl, 250 mM imidazole, pH 8.0), and
10 mM of DTT was added immediately 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 Superdex 200 size exclusion column (GE Healthcare,
Piscataway, NJ) at a flow rate of 0.5 mL/min. The p19
proteins eluted as stable dimers and were recalcitrant to
denaturation even upon boiling for 15—20 min.'>?>%*
Fractions containing the desired p19 proteins, as determined
by SDS—PAGE analyses, were pooled and stored at 4 °C for
subsequent assays and analyses. Pooled pl9 fractions were
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monitored by SDS—PAGE as a single band and estimated to
be >95% pure.

Electrophoretic Mobility Shift Assay (EMSA) and Data
Analysis. For EMSA binding experiments, samples were
prepared by incubating 2 nM Cy3-labeled small RNAs with
various concentrations of purified pl9 or its mutant
derivatives in buffer containing 20 mM Tris, 100 mM NaCl,
1 mM EDTA, 0.02% v/v TritonX-100, 2 mM DTT, pH 7 for
1 h at room temperature. 2 L of SX TBE sample buffer (90
mM Tris, 90 mM boric acid, 2 mM EDTA, 15% Ficoll type
400, 0.02% xylene cyanol) was added to 18 uL of binding
reaction. 10 uL of each sample was analyzed by electro-
phoresis at a constant voltage of 100 V for S0 min through a
6% TBE DNA retardation gel in 0.5X TBE running buffer
(Novex, Invitrogen). The gels were imaged with Fluorescent
Method Bio Image Analyzer III (Hitachi, Japan). Bands
corresponding to bound and unbound fluorescently labeled
small RNAs were quantified with Image] software (National
Institutes of Health). The fraction of RNA bound by p19 was
determined by taking the value of integrated band intensity
corresponding to the p19-bound RNA complex over the sum
of integrated band intensities from the complex and unbound
RNA. The direct binding experiments were analyzed by
plotting the fraction bound values against various concen-
trations of p19 and fitted according to the following equation

(eq 1):

AP = AP ..
2
Kd+np+x Kd+np+x X
2np 2np np

(1)

where AP denotes the change in fluorescence intensity, AP«
is the maximal change in fluorescence intensity, K4 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.

Circular Dichroism (CD) and Thermal Melt Analysis.
CD spectra were recorded on ~5 uM p19-WT, p19-T111S,
pl9-T111H, p19-T111A, p19-T111Y, or p19-Y73S in 20 mM
sodium phosphate pH 7.2, 25 mM NaCl, and 10 mM DTT on
a Jasco J-815 CD spectrometer with a 1 mm path length
quartz cell at 25 °C. Spectra reflect an average of 8 scans
recorded from 250 to 190 nm with a 0.2 nm step resolution,
response of 1 s, a speed of 20 nm/min, and a bandwidth of
1 nm. Following CD spectroscopy, the concentration of the
samples was determined using the Bio-Rad Protein Assay Kit
(Bio-Rad, Hercules, CA) and used to calculate the molar
ellipticity per mean residue. CD data were analyzed using the
CDPro suite of programs.”® Thermal denaturation of the p19
proteins was performed using a Jasco thermal control unit
(model PTC-423S/15) with a heating rate of 1 °C/min from
25 to 95 °C. At each step, the molar ellipticity at 222 nm was
recorded.

Transient Expression of His-Tagged p19-WT and p19-
T111S in Huh7.5 Cells. For transient expression of p19-WT
and p19-T111S, Huh7.5 cells were seeded at 5.0 X 10° cells
per 60 mm dish culture media. Cells were transfected once
they reached 70% confluency (usually around 24 h
postseeding). Prior to transfection, cells were washed once
with phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM,,
I{Cl, 10.1 mM NazHPO4, 1.8 mM I<H2P04, pH 74) and then
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with transfection media, ie, OptiMEM (Invitrogen), while
preparing transfection complexes. Transfection complexes were
prepared by mixing 7 pug of pTriEx-pl9 or pTriEx-p19-T111S
DNA plasmid or no DNA (mock) with 14 uL of Lipofectamine
2000 (Invitrogen) in 2.5 mL of transfection media and
incubating at room temperature for 20 min. Each transfection
complex mixture was then added to the cells and incubated
for 4 h at 37 °C. After 4 h, one equivalent volume of recovery
media, i.e., antibiotic-free DMEM containing 20% (v/v) FBS and
100 nM minimal nonessential amino acids, was added.
Transfected cells were then incubated at 37 °C and 5% CO,
for 24 h.

Western Blot Analysis of Transient Expression of His-
Tagged p19-WT and p19-T111S in Huh7.5 Cells. Cells

were washed twice with PBS and lysed with a lysis buffer
consisting of SO mM Tris-HCI (pH 6.8), 2% SDS, and 10%
glycerol 24 h post-transfection. A protease inhibitor cocktail
mix (Roche Diagnostics, Penzberg, Germany) was added to
each extract. The protein concentration of the whole cell lysate
was quantified by using the Bio-Rad DC Protein Assay
according to the manufacturer’s protocol. Prior to loading, a
final concentration of 100 mM DTT and 0.1% v/v
bromophenol blue was added to each sample. A total of
S0 ug protein/well was loaded onto a 12% SDS—PAGE gel.
The resolved proteins were transferred to a Hybond-P
(Amersham Biosciences, Piscataway, NJ) poly(vinylidene
difluoride) membrane. The membrane was probed against a
horseradish peroxidase (HRP)-conjugated monoclonal anti-
His-tag antibody (1:5000 dilution; R & D Systems, Inc,
Minneapolis, MN). As a loading control, membranes were
stripped and reprobed using a mouse anti-PTP-1D 1° antibody
(1:2500 dilution; Sigma, Saint Louis, MO) followed by a 2°
HRP-conjugated goat anti-mouse IgG antibody (1:10,000
dilution; Jackson ImmunoResearch Laboratories, Inc., West-
grove, PA). The blot was developed using ECL Plus Western
Blotting Detection Reagents (GE Healthcare, Baie d’urfe, QC)
according to the manufacturer’s protocol. The band intensities
were measured by densitometry using Image] software
(National Institutes of Health).

Quantification of miRNA Bound by His-Tagged p19.
Twenty-four hours post-transfection, cells were trypsinized
and washed twice with PBS by centrifugation at 1000 rpm, 5
min at room temperature. Cells were then lysed by
resuspending the cell pellet with lysis buffer (pH 8) containing
150 mM KCIl, 50 mM HEPES, 0.5% v/v NP-40, 0.5 mM DTT,
1X Complete EDTA-Free Protease Inhibitor Cocktail
(Roche), and 100 U/mL RNaseOUT (Invitrogen) and
incubation at 4 °C with rotation for 10 min. The lysate was
passed through a 0.2 um filter unit to remove cell debris.
Filtered lysate was loaded onto a 1 mL HisTrap FF column
(GE Healthcare, Piscataway, NJ) that was prepared RNase-
free by washing with the following RNase-free solution: 10
column volume (CV) 0.1 M NaOH, 0.05 NaCl, 10 CV water,
and then equilibrated with 10 CV lysis buffer without DTT, to
capture any His-tagged p19 that was transiently expressed in
the cell. The His-tagged p19 proteins bound to the column
were eluted with buffer containing 50 mM Tris pH 8, 100 mM
NaCl, 50 mM EDTA. The elution fraction was collected for
subsequent qPCR analysis.

Total RNA was extracted from the eluate using miRVana
miRNA Isolation Kit (Ambion) according to the manufac-
turer’s protocol. 10 ng of the total RNA was reverse transcribed
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Figure 1. Depiction of the site-directed mutagenesis strategy for identifying p19 mutants with enhanced affinity for miR-122. p19 residues predicted
to be interacting with the bulges in the secondary structure of miR-122 were mutated in order to potentially create new, high affinity binding
interactions. Substitution of Thr111 with a serine or histidine residue resulted in high affinity binding which enhanced binding to miR-122 without

altering its affinity for siRNA.

using the TagMan MicroRNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA) in combination with
the RT stem-loop primers against U6 RNA (endogenous
control) (P/N:4427975, Applied Biosystems) and miR-122
(P/N:4427975, Applied Biosystems) according to manufac-
turer’s instructions. miRNA levels were analyzed using the
Tagman real-time (qQRT-PCR) method.”” Each PCR sample
included 1X Universal Tagman PCR Mastermix (Applied
Biosystems), 0.2 mM TagMan probes against either U6 RNA
or miR-122 (Applied Biosystems), 1.5 mM forward primer, and
the universal reverse primer. Relative miRNA abundance was
calculated using the comparative Ct method.® The data
represent the average of three independent experiments each
performed in triplicates.

B RESULTS AND DISCUSSION

Strategy for Mutational Analysis of p19 Binding with
miR-122. Previously, we have demonstrated that the p19

protein is able to bind to an irregularly structured miRNA,
miR-122, with nanomolar affinity.” It was proposed that p19’s
capability to bind miR-122 with nanomolar affinity is likely
due to retention of key interactions observed between p19
and siRNA. Although miR-122 is 23-nt in length, the base-
pairing mismatches in the miRNA may slightly compress the
length of the molecule, potentially allowing the duplex region
to adopt a length closer to the standard 19-base pair (bp)
region in an A-form dsRNA duplex observed in a 21-nt siRNA
molecule.’ This compression would facilitate miR-122 to fit
between the two end-capping helices of the pl9 dimer,
thereby retaining the interactions that give pl9 its size
selective affinity for 21-nt siRNAs. In this case, it is likely that
the miRNA docks onto the p19 protein in similar fashion to
siRNA but with 2 possible docking orientations due to the
presence of asymmetric bulges in the miR-122 molecule.
Notably, p19 displays ~100-fold reduction in affinity for miR-
122 compared to 21-nt siRNA, likely due to perturbations to
the known p19-siRNA interactions as a result of the structural
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irregularities arising from the base pair mismatches in the
miR-122 duplex.” Therefore, we performed mutational
analysis of residues predicted to interact with the structural
irregularities of miR-122, with the aim of creating a more
accommodating binding site which would give rise to higher
affinity binding. Our initial strategy was to create “pockets”
on the binding surface of p19 to accommodate the bulges of
miR-122 by mutating residues on pl9’s binding surface to
residues with smaller side chains. This approach is conceptually
similar to the bump-hole approach developed by Shokat and co-
workers that have been very successfully applied to the study of
kinases.>' ~**

The first step in the strategy involved estimating the location
of the bulges relative to the residues of the p19 binding site. In
order to predict the position of miR-122’s bulges, we used the
canonical siRNA as a model to represent their locations relative
to p19’s small RNA binding surface according to the crystal
structure.” In our previous publication, we had approximated
the position of the nucleotide bases of the “compressed” miR-
122 molecule in both docking orientations relative to the bases
of the siRNA.” The first bulge is due to a 1-bp mismatch in the
middle of the miR-122 sequence, which we estimate to be
aligned with the siRNA base pair C10-G10’, in both possible
docking orientations (Figure 2). Another 2-bp mismatch exists
at the side of the miR-122 molecule, which we estimate to be
aligned with the siRNA base pairs G2-C18' and U3-Al7’ in
docking orientation 1 and with base pairs A17-U3" and C18-G2’
of the siRNA in docking orientation 2 (Figure 2). These bases
of the siRNA were then used to estimate which residues of the
p19 binding surface are in proximity to the bulge in the miR-
122 molecule.

The small RNA binding surface of pl9 consists of an
8-stranded f-sheet as a result of pl9 dimerization.” Using a
molecular viewer program, we identified residues on the fS-sheet
with side chains facing the interface which displayed no
direct interaction with siRNA according to the crystal
structure.” Substitution of these residues minimizes the chance
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Figure 2. Mutagenesis strategy for altering the p19 binding site based on structural predictions. (A) A ribbon diagram of CIRV p19 crystal structure
in complex with siRNA® (PDB code: 1RPU). Nucleotide bases of the siRNA molecule that are hypothesized to be in similar location as the bulges in
the miR-122 molecule (from both docking orientations) are highlighted in yellow. The residues of the p19 binding surface which are predicted to be
in close proximity to the bulges in miR-122 are highlighted in green. These residues (Val69, Tyr73, Thr111, and Thr122) are located on the RNA-
binding surface of p19 but do not display any direct interaction with the siRNA. The p19 amino acid residues from each monomer subunit are
distinguished by designating them A and B. The siRNA bases from each strand are distinguished by number priming. (B) Base-pairing mismatch of
the side bulge in miR-122 represented by base pairs G2'-C18 and U3"-Al7 in the siRNA molecule. The mismatch may cause both G2’ and U3” to
push back in the direction as indicated by the red arrows against the residue in green. (C) Base-pairing mismatch of the middle bulge in miR-122 as
represented by base pair C10-G10' in the siRNA molecule. The mismatch may cause both C10 and G10’ to push back in the direction as indicated by
the red arrows against the p19 residues in green.

of disrupting key interactions between p19 and the rest of the Out of these candidates, we identified residues that are also
miR-122 molecule since the majority of interactions that p19 proximal to the hypothesized location of the miR-122 bulges
has with siRNA are thought to be retained with miR-122.” (see Figure 2A). This approach resulted in 4 potential sites for
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Figure 3. Electrophoretic mobility shift assay of p19-small RNA interactions. (A) A representative gel obtained from an electrophoretic mobility shift
assay performed with 2 nM Cy3-labeled CSK-siRNA (21-mer) and various concentrations of p19 protein. (B) Representative analysis of direct
binding between p19-WT with 21-mer CSK-siRNA (open circle), p19-WT with miR-122 (closed circle), p19-T111S with CSK-siRNA (open
triangle), and p19-T111S with miR-122 (closed triangle). The fraction of RNA bound by p19 (the band intensity corresponding to the band shift of
p19-RNA complex formation over the sum of band intensities from the complex and unbound RNA) is plotted against various concentrations of

pl9.

mutagenesis experiments at residues Val69, Tyr73, Thrl11, and
Thr122 of p19.

The side bulge of the miR-122 molecule caused by a 2-nt
mismatch is parallel to G2 and U3 in the siRNA molecule in
docking orientation 1 or G2’ and U3’ in docking orientation 2
(Figure 2). The Tyr73 residues in both pl9 monomers are
predicted to be in proximity to the side bulge of the miR-122
molecule in each of the two possible docking orientations,
respectively, due to the asymmetry in the miR-122 molecule
(Figure 2A). Assuming the side bulge of miR-122 pushes back
against the pl9 surface close to Tyr73 (Figure 2B), we
hypothesized that mutating this tyrosine to a smaller residue
could reduce any potentially unfavorable steric interactions and
allow for a better fit for the miR-122 into the pl9 dimer.
Therefore, substituting the Tyr73 residues in both pl9
monomers to a serine residue would eliminate the bulky
benzene ring while preserving the hydroxyl group for any
potential new interactions, such as hydrogen bonding with the
phosphate backbone of the miR-122 molecule. Residues Val69,
Thrl11, and Thr122 in both p19 monomers are predicted to be
in proximity to the middle bulge of the miR-122 molecule in
both docking orientations (Figure 2A). The middle bulge, as a
result of 1-nt mismatch, is represented as C10 and G10’ in the
siRNA molecule (Figure 2A). Assuming the mismatch causes
C10 and G10’ to push away from each other, they may possibly
be forced against Val69, Thrl11, and/or Thr122 in both p19
monomers (Figure 2C). Hence, mutating Val69, Thrl11, and
Thr122 to residues with smaller side chains may also aid in
accommodating the middle bulge. For Thrl1l and Thrl22,
substitution to a serine residue will reduce the size of the side
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chain by a methyl group while retaining the hydroxyl group for
any potential new interactions with the miR-122 phosphate
backbone. For Val69, we decided to substitute to an alanine
instead of a glycine residue since glycine is thought to be
destabilizing for S-sheet structure®* >’ which could have been
detrimental to the global structure and stability of p19.

Therefore, the first set of 4 His-tagged p19 mutants included
p19-V69A, p19-Y73S, p19-T111S, and p19-T122S, as suggested
above, were created by site-directed mutagenesis. The mutant
constructs were overexpressed in E. coli, purified by Ni**-
affinity chromatography and then with size exclusion
chromatography to >95% purity as determined by SDS—
PAGE analysis (Figure S1 of Supporting Information). All p19
mutants were shown to have similar size exclusion elution
profiles as wild-type p19 (data not shown), suggesting that the
introduced mutation did not disrupt p19 dimerization, which is
essential for its binding to small RNAs.>® The purified samples
were subjected to subsequent analyses.

Enhanced Affinity of p19-T111S for miR-122 in vitro.
To investigate whether the p19 mutants have enhanced affinity
for miR-122 and how their binding behaviors to other small
RNAs compare to wild-type p19, electrophoretic mobility shift
assays (EMSA) were performed. This technique is commonly
used to assess protein—nucleic acid interactions, including the
interactions between p19 or p19-GST fusion protein with small
RNAs.*”"*3 In our previous study, we analyzed the binding
affinity and specificity of p19 with various small RNAs using
fluorescence-based EMSAs, and the results were consistent with
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values measured by fluorescence polarization, a method that
gives the true equilibrium of the molecular interactions.*>*°

The EMSA experiments were performed by complexing Cy3-
labeled RNA with various concentrations of pl9 in solution.
Figure 3A illustrates a representative EMSA experiment
showing the interaction between the p19 and the Cy3-labeled
CSK siRNA (21-mer). There is a gradual increase in the
fluorescence intensity of the slower migrating bands with an
increase in pl9 concentration, corresponding to an increase in
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 miRNA. The
band intensities corresponding to the p19-small RNA complex
and the unbound RNA were measured by densitometry and
plotted as a function of pl9 concentration. The curves of the
direct binding experiment also show a dose—response relation-
ship between the small RNAs and p19 (Figure 3B).

Out of the initial four pl9 mutants generated, p19-T111S
was the sole mutant to display enhanced affinity for miR-122
relative to wild type. Mutants p19-V69A and p19-T122S both
show significantly reduced ability to bind miR-122; therefore,
we did not pursue those constructs for further analysis (Table
S2 of Supporting Information). In the more extreme case, p19-
Y73S shows no observable binding (Table S2 of Supporting
Information). The dissociation constant of p19-T111S with
Cy3-miR-122 obtained by EMSA (0.4 + 0.1 nM) was found to
be almost 50-fold enhancement compared to wild type (19 +
4 nM) (Table 1). Notably, T111S displayed minimal difference
in binding affinity for the canonical ligand, 21-nt siRNA (0.27 +
0.06 nM), compared to wild-type pl19 (021 + 0.05 nM)
(Table 1).

Table 1. Dissociation Constants (K3) of p19-WT and T111
Mutants with Small RNAs

Kq (nM)
Cy3-miR-122 Cy3-CSK siRNA (21-mer)
pIO-WT 19 + 4 021 + 005
p19-T111S 04 + 0.1 0.27 + 0.06
pl9-T111H 04 + 0.1 0.21 + 0.02
pl9-T111Y 6+1 0.38 + 0.08
pl9-T111A >1007 0.24 + 0.06

“Saturation of binding was not achieved at concentration up to 1 yM
of the p19 protein.

To ensure that the p19-T111S retained the selective binding
properties of wild-type p19, we analyzed its binding to a longer
siRNA (28-mer) and a 21-nt single-stranded (ss) RNA by
EMSA. We were unable to reach saturation using the 28-mer
siRNA due to solubility limitation of the p19 protein, but the
dissociation constant was estimated to be in the 10 M range
(Table S2 of Supporting Information). Similarly, p19-T111S
displayed no binding for the 21-nt ssRNA (Table S2 of
Supporting Information) as no slower migrating band
corresponding to p19-small RNA complex was observed. The
results demonstrate that, along with the enhanced affinity to
miR-122, the p19-T111S mutant retains the size selectivity and
specificity to 21-nt siRNA duplex which is consistent with the
known binding behavior of wild-type pl9 from previous
studies.>”"?

Mutational Analyses of the Thr111 p19 Residue. To
further investigate the high-affinity binding resulting from
mutating T111S, we created three other mutants at this
position: T111H, T111A, and T111Y. As mentioned, our initial
strategy was based on creating a “pocket” in the pl9 binding
site to accommodate the bulges in miR-122. We chose to
expand the mutational analysis at this site in order to delineate
whether the high affinity binding of p19-T111S was due to a
decrease in size of the side chain and/or the formation of new
hydrogen-bonding interactions. By comparing the binding
affinities of all the T111 mutants for miR-122 using EMSA,
we have deduced that retaining the hydrogen-bonding capacity
of the residue at the 111 position is more critical for high-
affinity binding of miR-122 than simply creating a “pocket” with
a smaller residue. The T111H mutant, which possesses a
slightly bulkier side chain but retains hydrogen-bonding
capacity, displays the same high affinity for miR-122 (0.4 +
0.1 nM) as T111S, whereas T111A, with a smaller side chain
but no hydrogen bonding capacity, displays a dramatically
reduced affinity for miR-122 (>100 nM) compared to wild-type
p19. The T111Y mutant, with a bulky, aromatic side chain but
also hydrogen-bonding capacity, did not bind as well as the
T111S mutant, although still exhibits a modest (~3-fold)
increase in affinity for miR-122 than wild-type p19. Overall, the
data suggest that the increase in affinity of the p19-T111S and
pl19-T111H mutants for miR-122 rely on forming new
hydrogen-bonding interactions which are not available with
threonine. The differences between the interactions provided
by threonine and the mutated residues suggest that the new,
high affinity interactions between residue 111 and miR-122
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Figure 4. Circular dichroism of p19-WT and p19-T111S: (A) far-UV spectra and (B) thermal denaturation profiles monitored at 222 nm.
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require specific orientations of the side chain. Additionally,
these new interactions appear somewhat susceptible to steric
interference, where bulkier side chains capable of hydrogen
bonding do not provide high-affinity interactions with miR-122.

Notably, the mutations at the T111 residue do not result in
significant changes to the affinity of p19 for its canonical ligand,
21-nt siRNA (Table 1). This is consistent with the X-ray crystal
structure that no observable interaction is formed between
Thr111 and siRNA.°> Our data suggests that, as hypothesized,
p19 binding miR-122 retains the majority of the interactions
which allow siRNA binding. Importantly, the data suggest that
there are unique interactions between p19 and miR-122 which
are not involved in pl9 binding siRNA. This observation
substantiates the possibility of engineering p19 mutants with
high affinity and selectivity for miR-122.

Structural and Thermal Analysis of p19-T111 Mutants
with Circular Dichroism. In order to determine whether

there were any large structural changes associated with the p19-
T111 mutants, circular dichroism (CD) spectra were acquired
and compared to wild-type p19. As shown in Figure 4A, the far-
UV CD spectra of wild-type p19 and all of the p19 T111
mutants overlap well with each other, and all possessed minima
at 208 and 222 nm, suggesting significant a-helical content.
This was confirmed by secondary structure deconvolution using
the suite of programs provided by CDPro where wild-type p19
displays an average of ~24% oa-helical and ~25% pf-sheet
content, and the mutants display ~23—25% a-helical content
and ~25% pf-sheet content, except for T111Y, which displays
~27% p-sheet content. The similarity in CD spectra indicates
that the secondary structure of wild-type p19 and the p19-T111
mutants are very similar and that the mutation did not
introduce significant changes to the global structure of the
protein.

Thermal denaturation analysis was also performed on the
p19-T111 mutants and compared to that of wild-type p19 by
monitoring ellipticity at 222 nm in order to investigate whether
any structural changes could be associated with differing
affinities of the p19-T111 mutants for miR-122 versus wild-type
p19 (Figure 4B). All of the p19-T111 mutants and wild-type
p19 showed a significant loss of CD signal intensity over a
narrow range of temperatures, with ellipticity values being close
to zero at 90 °C. For wild-type pl19, the thermal unfolding
transition temperature or melting temperature (T,) is ~61 °C.
All of the p19-T111 mutants show a slightly decreased T,
value. The two mutants with increased affinity for miR-122,
T111S, and T111H both show the largest decrease in T, at ~55
and ~57 °C, respectively. The difference in the denaturation
temperatures indicates that the pl9-T111 mutants are less
thermally stable than the wild-type p19, although the extent of
the change does not reflect any decrease in overall viability of the
mutants, as can be seen from their binding affinities and size
exclusion profiles. The thermostability of proteins has been
inversely correlated with protein flexibility."”** The reduced
thermostability and thus increased structural flexibility of p19-
T111S and pl19-T111H may potentially contribute to the
enhanced affinity for miR-122. One of our previous rationale for
p19’s ability to bind miR-122 at nanomolar affinity maybe linked
to its inherent flexibility.” Conformational flexibility is thought to
be important and widely recognized in protein—nucleic acid
interactions.*~** Specifically in protein—RNA complexes, this is
seen in the binding of Ro protein to it is RNA target.** In
addition, the flexibility in the hinge region of the Dicer enzyme is
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crucial for its dsRNA binding and processing.** Similarly, the
increased flexibility of the p19-T111S protein may help ease the
fit of the bulky secondary structures inherent in the miR-122
molecule and further enhance the association of the pl19-miR-
122 complex.

p19-Y73S Mutant Incapable of Binding Small RNA.
The p19-Y73S mutant showed no observable binding to siRNA
or miR-122. In order to understand why this mutant is
incapable of binding, we acquired CD spectra to look for
alterations in protein structure. In comparing the CD spectra of
p19-Y73S and wild-type pl19, we observe a clear difference in
the spectra below 210 nm (Figure S2A of Supporting
Information). This suggests that the Y73S mutation induces
a conformational change in pl9. Interestingly, the thermal
denaturation analysis of p19-Y73S shows that this mutant has
slightly higher thermostability than wild-type p19 (Figure S2B
of Supporting Information). It is possible these data reflect that
p19-Y73S has adopted a more rigid conformation which is not
conducive to ligand binding. From the crystal structure data, it
can be seen that there are several basic residues in this region of
the C-terminus (R72, R7S, R8S), which do not contact the
siRNA directly but rather form salt bridges to residues on the
N-terminus (Glul7, Glu35, Glu41).® These salt bridges have
been hypothesized to be important for positioning the a-helix
of the N-terminus which carries the end-capping tryptophan
residues.” Previous studies examining the role of p19 in viral
infection, symptom induction, and spread in host plants have
created mutants of Tomato Bushy Stunt virus (TBSV) p19,
where several of the basic residues from this C-terminal region
were mutated to glycine (p19-R72G, p19-RR75-78GG), which
resulted in p19 losing all of its in vivo functionality as a viral
suppressor of RNA silencing.***” The R72G mutation,
however, likely resulted in buried charged residues which
could have altered the global structure of the protein.® Further
functional studies have used the p19-RR75-78GG mutant to
demonstrate the link between siRNA binding and the in vivo
functionality and symptom induction by p19, since it was
demonstrated that p19-RR75-78GG forms dimers that are
incapable of capturing siRNA in vivo.””** Another residue near
to Y73, K71, forms salt bridges with the siRNA sugar phosphate
backbone.® The null mutant, p19-Y73S, is interesting because,
from the crystal structure data, the Y73 residue does not appear
to be directly involved in siRNA binding or stabilizing the end-
capping helices. Thus, it is possible that either the mutation
p19-Y73S alters the salt bridge interactions between nearby
residues which have been shown to be crucial for siRNA
binding in vivo or the Y73 residue is directly responsible for
currently unknown interactions critical for binding siRNA. It is
possible that the p19-Y73S mutant may be a more appropriate
null p19 mutant with potentially less conformational changes
that may be associated with the rather drastic mutations of
p19-RR75-78GG or p19-R72G. Further mutational analysis of
this residue and structural studies are currently being pursued
in our laboratory.

Enhanced Affinity of p19-T111S for miR-122 in situ.
To demonstrate that p19-T111S can also bind miR-122 with
higher affinity than p19-WT in a cellular environment, we have
established a method to quantify the relative level of miR-122
captured by p19-T111S compared to p19-WT in Huh7.5 cells,
a hepatoma cell line that expresses high levels of miR-122*" as
summarized in the schematic diagram in Figure S. Briefly,
Huh7.5 cells transiently expressing His-tagged pl19-WT or
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Figure S. Schematic of the in situ miR-122 capture experiment. Huh7.5 cells are transiently transfected with either wild-type p19 or the T111S
mutant. After 24 h, cells are lysed and p19 expression is analyzed by Western blot. Cells expressing wild-type p19 and p19-T111S show very similar
expression levels, indicated by the relative (%) density of the p19 band to the PTP-1D loading control. The His-tagged p19 proteins in the lysate are
then captured on a Ni*"-affinity column. The flow-through fraction and eluate from the column are collected and subject to total RNA extraction.
The miR-122 content of the samples is then quantified via qPCR. The high-affinity p19-T111S mutant captured (2.5 =+ 0.5)-fold more miR-122 than

wild-type p19.

p19-T111S proteins are harvested and lysed. The His-tagged
p19 proteins in the lysate are then captured on a Ni**-affinity
column, with the flow-through and the eluate collected for
subsequent qPCR analysis. The RNA extracted from the eluate
fraction, containing p19 proteins eluted from the column,
represents the RNA which was bound to p19. After total RNA
extractions, the amount of miR-122 in these fractions was
quantified by qPCR using probes against the sequence of miR-
122 and subsequently normalized to the expression levels of a
reference gene, RNU6B (Figure S). The result showed that
there is a (2.5 + 0.5)-fold enrichment of miR-122 in the eluate
fraction from cells expressing pl19-T111S compared to wild
type. The flow-through fraction also displayed the expected
trend, with more miR-122 present in the p19-WT flow through
than the pl19-T111S flow through. This in situ miRNA
sequestration assay suggests that there is a ~2.5-fold enhance-
ment in the sequestration of miR-122 by p19-T111S relative to
the wild-type protein in Huh7.5 cells.

Bl CONCLUSION

In this work, we describe our mutational analysis of the p19
protein in binding a noncanonical ligand, miR-122, with the
aim of creating high-affinity mutants. In our previous studies,
we determined pl9 as capable of binding this noncanonical
ligand, but with lower affinity than for its canonical 21-nt
siRNA ligand. By mutating the residues which we have
predicted to be interacting with the bulges in the secondary
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structure of miR-122, we have created two mutants capable of
binding miR-122 with nearly ~50-fold higher affinity than wild-
type p19. This work shows that it is possible to engineer RNA
binding proteins such as pl9 for accommodating secondary
structure of noncanonical ligands. The higher affinity appears to
be due to new interactions which rely on hydrogen bonding but
can be sterically hindered by bulky residues. Furthermore, the
new interactions created through mutagenesis which affect
binding affinity are unique to miR-122 and do not affect the
affinity of p19 for siRNA. This observation corroborates our
hypothesis that the binding surface of p19 interacts differently
with miRNAs than siRNAs, thereby allowing the possibility that
p19 may be engineered to bind miR-122 with high affinity and
specificity. Our aim to alter p19 to preferentially bind specific
small RNAs is motivated by possible applications in inter-
rogating the role of specific small RNAs in infectious model
systems. Our focus was to identify mutants of p19 with a higher
affinity for miR-122, for use in human cells with potential
application in inhibiting hepatitis C viral replication. Theoret-
ically, our approach described here could be used to identify
mutants with high affinity for other small RNAs in order to
understand their roles in other diseases, infections, and cellular
development.
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