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Nucleocapsid protein (N) is an essential RNA binding protein in many RNA viruses. During replication, N
protein encapsidates viral genomic and antigenomic RNA, but not viral mRNA or other cellular RNAs. To
discriminate between different species of RNA in a host cell, it is likely that N interacts with specific
sequences and/or secondary structures on its target RNA. In this study, we explore the RNA binding prop-
erties of N using both natural and artificially selected RNAs as ligands. We found that N binds to RNAs
that resemble the terminal panhandle structures of RVFV genomic and antigenomic RNA. Furthermore,
we used SELEX to isolate RNA aptamers that bound N with high affinity and determined that N specifi-
cally recognizes and binds to GAUU and pyrimidine/guanine motifs. Interestingly, BLAST analysis
revealed the presence of these motifs within the coding region of the viral genome, suggesting that N
may interact with non-terminal viral RNA sequences during replication. Finally, the aptamer RNAs were
used to construct a sensitive fluorescence based sensor of N binding with potential applications for drug
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screening and imaging methodologies.
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1. Introduction

Rift Valley fever virus (RVFV) is a mosquito-borne bunyavirus
(genus Phlebovirus) endemic to sub-Saharan Africa. It is responsible
for widespread outbreaks of severe disease such as hepatitis,
encephalitis and hemorrhagic fever in humans and abortion storms
in livestock. In recent years the virus has spread as far north as
Egypt and is now considered endemic in the Arabian Peninsula
(Balkhy and Memish, 2003). The ability to cross extensive geo-
graphic barriers as well as the presence of competent mosquito
vectors in Europe, Asia and the Americas signify the potential for
global distribution. Currently there is no specific treatment for
RVFV infection. Ribavirin, a nucleoside analog, is one of few drugs
approved for treatment of viral hemorrhagic fevers. Although it has
been administered to patients during past outbreaks, its use is lim-
ited due to adverse side effects (Kilgore et al., 1997; McCormick
et al., 1986; Monath, 2008). T-705 is a pyrazinecarboxamide com-
pound that inhibits viral replication post-infection in vitro and effi-
cacy has been demonstrated for several RNA viruses in animal
models (Gowen et al., 2008, 2007). Despite these advances, T-705
is not licensed and therefore not a feasible treatment option for
RVFV infection. RVF is an emerging infectious disease and a major
zoonotic threat, and the characteristics described above emphasize
the need for therapeutics to treat infected individuals.
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RVFV has a tripartite single-stranded negative-sense RNA gen-
ome that encodes seven proteins. One of these gene products,
the nucleocapsid protein, N, is an RNA binding protein required
for the production of viable virus because of its involvement in sev-
eral stages of viral replication. N protects the viral genome from
degradation and prevents the formation of double stranded RNA
intermediates during replication and transcription by encapsidat-
ing viral genomic and antigenomic RNA (Ruigrok et al., 2011). N
also has RNA chaperone activity predicted to function during initi-
ation of viral replication by unwinding an RNA helix that seques-
ters the self-complementary ends of the genome and allowing
the polymerase to bind (Mir and Panganiban, 2006a,b). This activ-
ity could also remove higher order RNA structures that decrease
the speed and efficiency of translation of viral mRNA.

RVFV is a member of the large bunyavirus family (Bunyaviridae),
which is composed of five genera: Orthobunavirus, Hantavirus,
Phlebovirus (including RVFV), Nairovirus and Tospovirus. A notable
feature of all bunyavirus RNA segments is a conserved, self-com-
plementary sequence present at the 5 and 3’ ends of the genome
and antigenome. This sequence undergoes base pairing to form
panhandle-like structures and preferential binding of the termini
of viral RNA segments by N has been demonstrated in Sin Nombre
hantavirus (SNV) (Mir et al.,, 2006; Mir and Panganiban, 2004,
2005). Further analysis of the RNA binding properties of SNV N re-
veal that it binds with high affinity to UAG repeats located in the 5’
untranslated region of viral mRNA. It has been proposed that this
sequence is a cis-acting signal that enhances the initiation step of
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translation and subsequently increases the production of viral pro-
teins (Mir and Panganiban, 2010). The first 40 nucleotides present
at the 5’ end of the viral genome and antigenome have also been
shown to contain an RNA binding domain for N protein isolated
from several members of the Bunyaviridae, such as Jamestown Can-
yon, Hantaan and Bunyamwera viruses (Ogg and Patterson, 2007;
Osborne and Elliott, 2000; Severson et al., 2001). This region is
thought to contain a stem-loop structure specifically recognized
by N and binding to this site may initiate encapsidation of viral
RNA (Osborne and Elliott, 2000; Raju and Kolakofsky, 1987). Thus,
all of the known essential functions performed by N during an
infection involve RNA binding. Furthermore, the multifunctional
and viral specific nature of the N protein underscores its potential
as an antiviral therapeutic target. Because nearly all RNA viruses,
retroviruses, and hepadnaviruses encode RNA-binding nucleocap-
sid proteins, disrupting the N-RNA interaction represents a poten-
tially powerful new antiviral therapeutic strategy with broad
applicability. In this study, we explore the RNA binding properties
of RVFV N using biochemical, biophysical, and combinatorial meth-
ods and describe construction of a fluorescent biosensor that re-
ports on N-RNA interactions.

2. Materials and methods
2.1. Overexpression and purification of Rift Valley fever virus N protein

Plasmid encoding (Hisg)-tagged RVFV N protein was trans-
formed into Escherichia coli strain BL21(DE3)pLysS. Transformed
cells were grown at 37 °C in LB media containing 100 pg/ml ampi-
cillin and 50 pg/ml chloramphenicol until ODggg = 0.6-0.8. Protein
expression was induced by addition of IPTG to a final concentration
of 0.5 mM and cultures were grown overnight at room tempera-
ture (24 °C). Cells were harvested by centrifugation and stored at
—80°C.

Cells were lysed by resuspension of thawed pellets in BugBuster
(Novagen) in the presence of protease inhibitors. Benzonase (Nova-
gen) was added to the lysis buffer at a concentration of 12 units/mL
to degrade DNA and RNA. Insoluble cell debris was removed from
the lysate by centrifugation at 12,000 RPM for 45 min at 4 °C. The
(Hisg)-tagged N was batch purified from the cell lysate by using Ni-
charged IMAC resin (Bio-Rad). The resin was washed five times
with 35 mM imidazole/0.5 M NaCl/1.5M urea in 50 mM Tris-HCI
buffer, pH 8.0 and the protein eluted with 300 mM imidazole/
0.5 M NaCl in 50 mM Tris-HCI buffer, pH 8.0. The eluate was con-
centrated and the buffer exchanged to 0.5 M NaCl in 50 mM Tris-
HCI pH 8.0 using Amicon centrifugal filters (10 K MWCO). After
flash freezing with liquid nitrogen the N protein was stored at
—80 °C. The purity of the protein was checked by SDS-PAGE and
its concentration was determined by the absorbance at 280 nm
using extinction coefficient obtained from the ExXPASy website
(33,920M'cm™).

2.2. Preparation of pool 0 DNA

In order to construct a pool of DNA template with a 30 nucleo-
tide long randomized region flanked by constant regions, MMLV
reverse transcriptase (Invitrogen) was used to perform an exten-
sion reaction on two chemically synthesized oligos that had com-
plementary 3’ ends. The sense primer contained an EcoRI site and
a T7 promoter near the 5 end followed by a 13 nucleotide long
constant region (Fig. 1A, EcoT7SX5’). The antisense primer con-
tained a Xbal site near the 5’ end and a 30 nucleotide randomized
cassette flanked by constant regions (Fig. 1A, XBbSx30). After
extension the DNA was digested with EcoRI and Xbal to obtain tem-
plates of uniform size and purified by phenol/chloroform extrac-
tion and ethanol precipitation.

2.3. Preparation of pool 0 RNA

Pool 0 RNA was generated using pool 0 DNA as a template and a
MEGAshortscript Kit (Ambion) (Fig. 1B). The transcription reaction
was DNase treated and purified by phenol/chloroform extraction
and ethanol precipitation. The pool RNA was further purified by
denaturing gel electrophoresis. The band corresponding to the
RNA was visualized by UV shadowing, excised, eluted into 0.5 M
ammonium acetate, 1.0 mM EDTA pH 8.0 and 0.2% SDS, and etha-
nol precipitated.

2.4. Selection of RNA aptamers to Rift Valley fever virus N protein

Pool RNAs were incubated at 30 °C with Ni-charged IMAC resin
(Bio-Rad) in binding buffer (10mM HEPES pH 7.5, 150 mM NaCl
and 5 mM MgCl,) using a rotisserie in a hybridization oven. After
incubation the reaction was placed on ice, the resin pelleted by
gravity, and the unbound RNA in the supernatant collected and
used for subsequent selections. This “pre-selection” step was nec-
essary to prevent amplification of RNAs that bind with high affinity
to Ni-charged resin. Next preselected RNAs were incubated with
purified (Hisg)-tagged N protein that was pre-bound to Ni-charged
resin in binding buffer with constant rotation at 30 °C. The binding
and nonbinding RNAs were partitioned by allowing the resin to
settle to the bottom of the microfuge tube on ice. The unbound
RNAs in the supernatant were removed and discarded. The Ni resin
pellet containing the target RNA-N complexes was washed multi-
ple times with binding buffer to remove weakly bound RNAs and
then phenol/chloroform extracted and ethanol precipitated to pur-
ify RNAs that bound to N with high affinity.

The selected RNAs were then subjected to RT-PCR to obtain
DNA templates for subsequent rounds of selection. The reverse
transcription step was performed in a final volume of 20 pL using
AMV reverse transcriptase (Promega) according to the manufac-
turer’s protocol. Approximately 200 ng XbaBbs primer (5-GCT
CTA GAA GAC GC-3') and 400 ng RNA template (a 1:2 primer/tem-
plate ratio was always used) were incubated at 70 °C for 3 min and
snap cooled on ice. Next, AMV RT buffer, ANTP mix (0.6 mM of each
NTP) and 0.3 pL AMV RT enzyme were added and the reaction
incubated at 42 °C for 1 h. The PCR step was performed in a final
volume of 50 pL containing 5 pL of the cDNA template, 0.2 uM of
EcoT7SX5’ and XbaBbs primers, dNTP mix (0.2 mM of each dNTP),
MgCl, (1.5 mM final), 1X PCR buffer, and 1.25 units of GoTaq Hot
Start DNA polymerase. Twenty five cycles of amplification were
used and the annealing temperature varied and was empirically
determined for each round of selection by performing a small scale
gradient PCR. The RT-PCR products were digested with EcoRI and
Xbal and used as templates for T7 transcription to generate RNA
for subsequent rounds of selection.

Fifteen rounds of selection for RNA aptamers to RVFV N were con-
ducted using the protocol described above (Fig. 1C). We gradually in-
creased the stringency of the selection each round by decreasing the
amount of time allotted for RNA-protein complexes to form. Pool O
RNAs and N were incubated together for 5 h whereas pool 14 and
15 RNAs were incubated with N for less than 1 min. The final
(16th) round of selection was done by incubating N that had the
His-tag removed by tobacco etch virus (TEV) protease digestion with
a mixture of radioactive (200,000 cpm) and unlabeled (300 ng) pool
15 RNA for less than 1 min at room temperature (24 °C). The binding
reactions were loaded with 2 pL of glycerol loading dye onto a pre-
chilled 6% acrylamide/TBE gel and samples migrated at 10 V/cm on
the gel in the cold room for 75 min. The gel was visualized using
phosphorimagery (Fuji) and the bands corresponding to the N-
RNA complex were excised from the gel. To obtain round 16 RNA,
slices of the excised bands were subjected to RT-PCR followed by
T7 transcription using essentially the same protocol described for
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Fig. 1. Construction of random sequence nucleic acid pools and in vitro selection methodology. (A) Oligos used to construct pool 0 DNA. The sense oligo (EcoT7SX5’) contained
an EcoRI restriction site, a T7 promoter and a 3’ constant sequence that was complementary to the 3’ constant sequence on the antisense oligo (XBbsSx30). The antisense oligo
contained the 30 nucleotide long randomized region flanked by constant regions and a 5’ Xbal1 restriction site. Shaded boxes highlight constant regions present in both the
oligo DNA and RNA. (B) Randomized RNA sequence used for the in vitro selection. (C) Schematic diagram of the technique used to select and amplify RNAs that bound with
high affinity to RVFV N. Non-binding and binding RNAs were separated using N immobilized to Ni-charged resin as a target. Therefore, the resin also immobilized RNAs that
bound to the N, allowing unbound RNAs to be washed away and selected RNAs were purified and amplified. RT-PCR was used to create more DNA template for transcription,
generating more RNA for subsequent rounds of selection. This cycle was repeated 15 times. (D) Evolution of RNAs with high affinity to N after repeated rounds of selection.
The pools RNA binding affinity for N was analyzed by EMSA. The bands that migrate faster in the gel are unbound RNA species and the slower migrating bands represent N/
RNA complexes. RNAs were internally labeled with 32P-UTP and the gels visualized by phosphorimaging.

previous selections. The only alteration involved performing the re-
verse transcription step in a final volume of 50 pL to synthesize
cDNA from a 10 pL equivalent slice of gel. For comparative analysis
the digested RT-PCR products of rounds 1, 8, 15 and 16 were ligated
into the Xbal and EcoRlI sites of the pUC18 plasmid and the DNA from
individual clones isolated and sequenced.

2.5. Synthesis and purification of selected pool and clonal RNAs

RNA was synthesized using either clones digested with Xbal or
pool DNA obtained from digested RT-PCR products as templates for
T7 RNA polymerase. MEGAshortscript kits (Ambion) were used to
synthesize non-radioactive RNA and MAXIscript kits (Ambion)
were used to synthesize RNA in the presence of radioactive
a-32P-UTP (800 Ci/mmol; Perkin-Elmer). The transcription reac-
tions were then DNase treated and purified by phenol/chloroform
extraction and denaturing gel electrophoresis as described for the
synthesis of pool 0 RNA.

2.6. Nitrocellulose filter binding assays

N was serial diluted to varying concentrations in a binding buf-
fer (10 mM HEPES pH 7.3, 150 mM NacCl, 20 mM KCl, and 5 mM

MgCl, final concentration). Nine microliters of various dilutions
of N were added to each tube along with 1 pL of RNA that had been
subjected to denaturation at 90 °C for 2 min followed by snap cool-
ing on ice. In each experiment 25,000 cpm/puL of reference RNA
(wild type) was added. The cpm/pL of the other RNAs was adjusted
based on their uridine content to ensure an equal number of mol-
ecules were used. After incubation at 30 °C for 1 h, reactions were
diluted to 100 pL with ice-cold binding buffer and filtered through
pre-soaked nitrocellulose filters (Millipore HAWP). The filters were
washed twice with 500 pL ice-cold binding buffer, dried, and the
radioactivity retained on filters was measured by scintillation
counting.

2.7. Electrophoretic mobility shift assays

Samples for EMSAs were prepared as described for the filter
binding assays. After incubation the reactions were placed on ice
and 2 pL of glycerol loading dye was added to each tube. Samples
were loaded onto pre-chilled 6% acrylamide/1X TBE gels that were
run in the cold room at 10 V/cm for 75 min. Gels were then dried,
exposed to a phosphorimager screen, and visualized on a Fuji
FLA3000G Image Analyzer.
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2.8. Synthesis of mutant and truncated aptamer RNAs

DNA template that contained the desired mutations to the apt-
amer sequence was generated by performing a PCR extension reac-
tion on two chemically synthesized oligos that had complementary
3’ ends. The PCR step was performed in a final volume of 50 pL con-
taining 0.3 UM of sense and antisense oligo, dNTP mix (0.2 mM of
each dNTP), MgCl, (1.5 mM final), 1XPCR buffer, and 1.25 units of
GoTaq Hot Start DNA polymerase. Thirty cycles of amplification
with an annealing temperature of 55 °C were used. The PCR prod-
ucts were digested with EcoRI and Xbal and used as templates T7
transcription to generate mutant aptamer RNA. A MAXIscript kit
(Ambion) was used to synthesize RNA in the presence of radioac-
tive o->2P-UTP (800 Ci/mmol; Perkin-Elmer) using the same proto-
col described for synthesis and purification of clonal RNAs.

2.9. RNA solution structure probing

RNAs were dephosphorylated using Antarctic phosphatase
(New England BioLabs). The 5’ ends were labeled with y-32P-ATP
(6000 Ci/mmol; Perkin-Elmer) using T4 polynucleotide kinase
(Invitrogen) and the RNA purified by denaturing gel electrophore-
sis. Labeled RNAs were heated in water for 2 min at 90 °C followed
by snap cooling on ice. Binding buffer (10 mM HEPES pH 8,
150 mM Nacl, 20 mM KCI and 5 mM MgCl,) was added and sam-
ples incubated at 37 °C for 10 min. The folded RNA (60,000 cpm/
rxn) was incubated in binding buffer with 2 pg tRNA and either
RNase T1 (0.25 units/rxn) or RNase U2 (10 units/rxn at 37 °C for
10 min. A T1 ladder was prepared by incubating the RNA at 50 °C
in a denaturing buffer (6 mM sodium citrate pH 5, 7 M urea and
1 mM EDTA) prior to digestion with RNase T1. An alkaline ladder
was prepared by incubating the RNA at 90°C for 4 min in
100 mM sodium carbonate buffer pH 9.0. All samples were ethanol
precipitated, resuspended in formamide loading dye and analyzed
by denaturing gel electrophoresis.

2.10. Fluorescence polarization measurements

A 35 nucleotide long RNA was chemically synthesized, 3’ end la-
beled with FAM and HPLC purified by TriLink BioTechnologies. The
fluorescent label was attached to the RNA using a six-carbon linker.
N was serial diluted to varying concentrations in a binding buffer
(10 mM HEPES pH 8, 150 mM Nacl, 20 mM KCl and 5 mM MgCl,).
To determine the equilibrium dissociation constant of N/FAM-RNA
complex, various dilutions of N were added to 10 nM FAM-labeled
aptamer RNA that had been subjected to denaturation at 90 °C for
2 min followed by snap cooling on ice. Reactions were incubated at
30°C for 1 h. Samples for competitive binding experiments were
prepared by incubating varying concentrations unlabeled compet-
itor RNA (450 pM-5.0 uM) with 4.5 pM N for 40 min at 30 °C. Next,
10 nM FAM-labeled RNA was added and the reaction incubated for
40 min at 30 °C. Fluorescence polarization values were measured
using a VICTOR X multilabel plate reader. Binding profiles were
plotted and apparent K4 and K; values were calculated using Graph-
Pad Prism software.

3. Results

3.1. In vitro evolution of RNA aptamers to Rift Valley fever virus N
protein

An 84 bp segment of DNA that contained a 30 bp random region
flanked by constant sequences was used as a template for T7 RNA
polymerase transcription. The template contained a 5’ EcoRI site, a
T7 promoter, a 13 nucleotide-long constant region followed by a 30

nucleotide-long randomized region and then another constant re-
gion with a 3’ Xbal site (Fig. 1A). The presence of all four nucleo-
tides in the randomized region was verified by batch sequencing
of pool 0 DNA (data not shown) and by sequencing of individual
clones from pool 1 DNA. The recombinant nucleocapsid protein
(N) from the M12 strain, a clinical isolate of RVFV (Giorgi et al.,
1991), was overexpressed in E. coli and purified using Ni-charged
IMAC resin. Next, a selection/amplification technique (SELEX)
was used to isolate several families of RNA aptamers that bind with
high affinity and specificity to the N protein from a starting pool of
approximately 10'* small RNAs (Fig. 1B). The basic methodology
for the in vitro selection is outlined in Fig. 1C and the technique de-
scribed in detail in Section 2.

The iterative selection step consisted of partitioning the un-
bound and bound RNA species by immobilizing the N protein onto
Ni-charged IMAC resin. This allowed the bound RNAs to be pelleted
with the resin beads and the unbound RNAs in the supernatant to
be discarded. The selected RNAs were then purified from both N
and Ni-resin by phenol/chloroform extraction and amplified using
RT-PCR and primers specific to the constant sequences. Sixteen
rounds of selection were conducted and negative selections were
periodically performed to eliminate Ni-resin binding species and
ensure isolation and amplification of N-specific aptamers. During
the first rounds of selection N was allowed extended incubation
with pool RNAs in order to capture and amplify a small number
of functional molecules. In later rounds, the stringency of selection
was increased using a greater RNA to protein ratio (100:1) and
shorter incubation periods. The final (16th) round of selection
was performed using non his-tagged N and the bound and un-
bound species of RNA were separated by electrophoretic mobility
shift. The band on the gel corresponding to high molecular weight
RNA/protein complexes was excised, and the RNA eluted from the
gel slice and subjected to RT-PCR followed by T7 transcription.

3.2. Binding affinity of pool RNAs to N increases with repeated rounds
of selection

Binding assays were performed at several intermediate rounds
of the selection to assess the affinity of pool RNA sequences for
N. Pool RNAs were transcribed from RT-PCR products and inter-
nally labeled with 32P-UTP. A constant amount of labeled RNAs
(25,000 cpm) was incubated in binding buffer with either 1.2 pM
or 12 puM RVFV N for 1 h at 30 °C and then subjected to non-dena-
turing gel electrophoresis (Fig. 1D). The range of N protein concen-
trations used in our study (0.6-35uM) was determined
empirically. The bands that migrate faster on the gel correspond
to the free RNA species and the higher migrating bands represent
high molecular weight RNA/protein complexes. Round 0 RNAs
exhibited low overall binding affinity to N whereas the binding
affinity of round eight RNAs had increased dramatically. When
incubated with the highest concentration of N, most of round 8
and round 11 RNAs were present in the slowest migrating band,
indicating that they were able to bind stably to N and that the
affinity for N was increasing with subsequent rounds of selection.
Although the binding affinity of round 11 RNAs for N was high, sev-
eral further rounds of selection were carried out to decrease the
population complexity.

3.3. Selected aptamer RNAs have a distinct primary sequence signature

The RT-PCR products from rounds 1, 8, 15 and 16 of the selec-
tion were cloned into pUC18 plasmid. Individual clones from
rounds 1 and 8 and a total of 100 individual clones from rounds
15 and 16 were sequenced. Analysis of round 1 sequences showed
a distribution of 27% A, 19% G, 32% C, and 23% T (Table 1). Interest-
ingly, when these percentages were compared to the nucleotide
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distribution of sequences isolated from rounds 8, 15 and 16 of the
selection, a progressive enrichment for both guanosine and thymi-
dine residues was evident. While the enrichment observed for gua-
nosine residues stabilized by round 8, the percentage of thymidine
residues continued to increase from 31% at round 8 to 40% in
rounds 15 and 16. Also, the percentage of adenosine and cytidine
residues was reduced in sequences isolated from later rounds of
selection compared to round 1 clones. Analysis of individual se-
quences from rounds 15 and 16 of the selection showed that 49
out of the 100 sequences occurred with multiple frequencies or
were at least 90% similar (Table 2). These results suggest that,
while identifiable sequence trends were evident throughout the
population, several sequence families were beginning to dominate
the pool.

3.4. Characterization of binding affinity between selected aptamer
RNAs and N protein

Several clones from rounds 1, 8, and 15 of the selection were
chosen to assess the evolution of aptamer affinity (Table 2). The fil-
ter binding assay was used to compare the binding of individual
clonal RNAs (Fig. 2A). As expected, the binding affinity of the round
1 RNA (MBE1.3) was very low while the binding affinity of round
15 RNA (MBE15.3) to N was high. Moreover, the persistence of
RNAs with low binding affinity to N at round 8 underscored the
need for further rounds of selection to cull lower-affinity binders
from the pool. To confirm the high affinity of our aptamers cloned
from the last selection rounds, we tested them in a competitive
binding assay against a specific natural target, the terminal pan-
handle structure of RVFV genomic RNA.

3.5. Aptamer RNAs compete with viral RNA sequences to bind N

First, a binding experiment was performed to test the affinity of
N for small RNA molecules that mimic the panhandle structures
formed by the genomic or antigenomic RVFV RNAs (S segment).
The stem-loop structures are formed by the base-pairing interac-
tion of the 5’ and 3’ ends of one RNA molecule. For practical rea-
sons, the long intervening sequence of the S segment was
replaced with a stretch of adenine residues (Fig. 2B). The filter
binding results showed that N binds well to both small RNA con-
structs (Fig. 2B).

Next, we performed competitive binding experiments using the
internally radiolabeled genomic panhandle RNA construct and
unlabeled aptamer RNAs. A constant amount of N (7 pM) was incu-
bated with varying amounts of unlabeled aptamer RNA (0.45 nM-
4.5 uM for 1 h at 30 °C. Labeled genomic RNA (100,000 cpm/rxn)
was added and the binding reaction incubated for five more hours
at 30 °C. Binding of labeled RNA was then assessed by filter binding
assay. The results from the competition filter binding assay showed

Table 1
Distribution of nucleotides within the RVFV genome and the randomized region of
clonal RNAs®.

Sequence analyzed % A % G % C % T
Round 1 RNA 27+9 19+6 32+11 23+9
Round 8 RNA 17+8 29+9 19+5 317
Rounds 15&16 RNA 19+6 28+4 155 40+ 6
RVFV S segment 23.6 23.1 259 27.4
RVFV M segment 273 254 20.1 273
RVFV L segment 29.2 23.8 20.3 26.7

2 Sequences corresponding to the viral genome were obtained from the NCBI
nucleotide database using the following accession numbers: NC_014395.1,
NC_014396.1, and NC_014397.1 that correspond to the S, M, and L segments,
respectively. Eight sequences from round 1 and round 8 and a total of 100 sequences
from rounds 15 and 16 were analyzed. * indicates deviation from the mean.

Table 2
Alignment of the randomized region (5-3') of RNA aptamers isolated from the different
rounds of selection.

Frequency
RNA? sequence’ (100 clones)

MBE1649 ------- AGUAAUGCUAUGAUGAUAAUGUGUCCCGGGG-- 1
MBE16.41 ------- AGUAACGCUAUGAUGAUAAUGUAUCCCGGGG-- 1
MBEI15.12 —-—--CUGUUUACUGAACUAUGAUACUUU---CUGGGG—-— 5
MBE16.64 ----- AUGUUACUGACUUCUUCUGAUUU---CUAGUGG-- 2
MBEI15.2 —---UGUCGUACUGAU---UGAUGAUUUACUCUGGGG--- 5
MBE15.8 ——---UGUCGUACUGAU---UGAUGAUUUACUCGGGGG--- 1
MBE16.87 AGCCAGUAUUACUGAU---UGAUGAUU----CUGUGG--- 2
MBE16.59 -UGAUGCAGAACUGAU---UGAUUACUU---CUGGGG--- 2
MBEI15.21 --GCUACU--UCUGAU---UGAUUAUUU---CUCUGGUGG 2
MBE16.50 ---AUGUCAUACUGAUUACUGAUGACUU----UGGGG--- 2
MBE16.74 ---AUGUCAUACUGAUUACUGAUGAAUU----UAGGGG-- 1
MBES8.1  —=——————- CUUCUGAUUACUGAUUUCUUUCUCUAGUGG-- ND°
MBE16.113 -=----- AAUGUCGAUUACUGGUUGCUGACUCUGGGG--~- 1
MBE16.114 ------- AAUGUCGAUUACUGAUUGCUGAUUCUGGGG--- 2
MBE15.7  ----- UGCAUGCUGAUUACUG---AUUUUAUCCUGGGG-- 1
MBE1520 ----- UGCAUGUUGAUUACUG---AUUU-AUCCUGGGG-- 1
MBEI15.14 ----—- UGCAGACUGAUUACUG---ACUUUCUCUAGUGG-- 3
MBE16.40 ---AAUGCGGACUGAUUACUG---AUACUCUGGGG----- 5
MBES.6 --GUGGACGUCCUGCGUUGUG--GGCUUG---UGUGG--- ND
MBE153  -—-——--- CGUCCCGUAGUGUCGGUACUGAUUGAUGUG--- 9
MBE16.57 ------—- CGUCCCGUAGUGUCGGUACUGAUUAAUGUG--- 1
MBE83 W ------—- CGCCCCGUAGUGCAUAGUCUGAUUGAUGUG--- ND
MBE16.112 ----UGCGAUACUGAAU-AUGAAAGCUUUAGGUGG-----— 2
MBE1.4 —-ACGAGUGCCAUGCACUACAUUGUCUGUUGA---=-—-——— ND
MBE1.3 ——---CACCGUAACAAAGUUGUAAGACACCAACCA-—-—-——— ND
Others Orphan sequence 51

2 Aptamer RNAs are labeled using two numbers. The first number corresponds to
the round the aptamer was first isolated from and the second number is a unique
identifier.

> The constant regions are not shown. Sequences from rounds 15 and 16 that
occurred with multiple frequencies or were <90% similar are shown. The GAUU
motif is in bold font and the pyrimidine/guanine motif is underlined.

¢ Not determined.

that when increasing amounts of unlabeled aptamer RNA were
present during the binding reaction, less genomic panhandle RNA
was retained on the filter (Fig. 2C). Clearly, the presence of aptamer
RNA inhibited the formation of genomic RNA-N complexes, sug-
gesting the aptamer RNA binds to the same region on N as the viral
panhandle.

3.6. Two conserved motifs are found in late-round aptamers

We then checked for the presence of conserved motifs among
the high-affinity aptamers of rounds 15 and 16 using primary se-
quence alignment and visual inspection. The results are summa-
rized in Table 2. A GAUU-containing motif was identified in 82%
of the 49 sequences isolated with high frequency. This motif was
variable in the number of GAUU repeats per RNA and the exact se-
quence observed. For example, MBE16.74 had a GAU-
UACUGAUGAAUUU motif while sequencing of another isolate
(MBE16.87) revealed a GAUUGAUGAUU motif (Table 2). Despite
these minor differences, the prevalence of variations of the GAUU
motif in a high percentage of the RNAs isolated indicates that it
may be an important recognition sequence for N. Also, a pyrimi-
dine/guanine motif we call the U/G-rich motif, located near the 3’
end of the random region, was present in many of the sequences
isolated from rounds 15 and 16 (Table 2). Interestingly, alignment
of aptamer sequences with the RVFV genome and antigenome
using BLAST revealed that the U/G-rich motif UUUCUGGGGGCG
isolated 11 times in the selected RNAs was also present in the RVFV
L antigenome (Table 3). The evolution of these two motifs could be
responsible for the observed enrichment of guanosine and thymi-
dine residues in sequences isolated from rounds 8, 15 and 16.
There was a strong correlation between the emergence of guano-
sine and thymidine rich primary sequences during the selection
and the evolution of RNAs that bind with high affinity to N.
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Fig. 2. Characterization of binding interactions between selected RNAs and N. (A) A
nitrocellulose filter binding assay was used to compare N binding to clonal RNAs
from round 1(MBE1.3, open diamonds), round 8 (MBES.1, filled triangles; MBES.3,
“X"; MBES8.6, open squares) and round 15 (MBE15.3, open circles). RNAs were
internally labeled with *2P-UTP and radioactivity retained on filters was quantified
by liquid scintillation counting. (B) Top panel: mfold predicted secondary structure
of viral genomic and antigenomic small RNA constructs. Bottom panel: a filter
binding assay was used to test the binding ability of genomic (“X") and antigenomic
(filled triangles) RNA constructs to the N protein. (C) A competitive filter binding
assay was used to test the ability of RNAs from the final (15th and 16th) rounds of
selection to inhibit binding of viral genomic RNA. The amount of radiolabeled (>2P-
UTP) viral RNA retained on the nitrocellulose filters in either the absence (black fill)
or presence of unlabeled competitor was measured by liquid scintillation counting.
The following aptamer RNAs were tested: MBE15.2, circle fill; MBE15.3, gray fill;
MBE15.12, grid fill; MBE15.14; white fill.

Together, these data suggest that N may preferentially bind to
GAUU and/or U/G-rich sequences.

3.7. Directed mutagenesis of GAUU and U/G-rich motifs in aptamer
RNAs

Mutant aptamer RNA constructs were generated to test the
hypothesis that N specifically recognizes and binds to GAUU and
U/G-rich motifs on selected RNAs. Two variants of the GAUUGAU-
GAUU motif, either obtained by scrambling the sequence or by
introducing complementary nucleotides in place of the U/G-rich
motif, were tested in the context of the MBE15.8 aptamer
(Fig. 3A). The binding affinity of MBE15.12 RNA with similar dis-
ruptions to its U/G-rich motif (UUUCUGGGG) (Fig. 3B) was also
tested.

Filter binding assays were used to compare the affinity of mu-
tant and wild type aptamer RNAs to N. Scrambling one GAUU re-
peat in the MBE15.8 sequence caused a one-third decrease in the
level of RNA bound at 12 pM N. Complementary mutation of the
first seven nucleotides of the GAUU motif caused an even more
dramatic decrease in binding. The binding affinity of the comple-
mentary MBE15.8 mutant (15.8 COMP mutant) to N was even low-
er than the affinity observed for a round 1 RNA (Fig. 3A). Changing
the U/G-rich motif from MBE15.12 RNA from UUUCUGGGG to
UGUAAUCGU caused a slight decrease in the binding affinity to N
compared to the affinity of the original sequence. Unexpectedly,
an RNA that contained a complementary mutation of the U/G-rich
motif (15.12 COMP mutant) exhibited better binding than the ori-
ginal MBE15.12 aptamer (Fig. 3B). Interestingly, closer examina-
tion of this mutant revealed that it contained an 11 nucleotide
sequence identical to the 5’ end of the S segment of viral genomic
RNA (Table 3).

These data show that the GAUU motif and, to a lesser extent, the
U/G motif, are important for N binding to aptamer RNA and they
likely facilitate interactions between N and other RNA molecules
as well. The location of the motifs and the binding affinities of
the RNA aptamers were then used to design truncated aptamers
of diminished size.

3.8. Identification of truncated RNA aptamers that bind with high
affinity to RVFV N

Starting with the sequences of several aptamers described
above, a series of truncated RNA aptamers was generated in order
to find one or more small RNAs that could eventually be chemically
synthesized and fluorescently labeled. We chose to truncate RNAs
that were either highly represented in the final round of selection,
that contained GAUU or U/G-rich sequence motifs, or contained se-
quences that were also present in viral RNA (Fig. 4). During the
truncation process we generally sought to preserve important se-
quence motifs and predicted secondary structure. A combination
of RNase T1 and U2 structure probing and mfold were used to
determine the conformation of several aptamer RNAs. Overall, re-
sults obtained from the structure probing experiments provide
support for the mfold predicted structures. However, one common
exception was that the mfold algorithm often predicted base pair-
ing interactions at the apical stems of the aptamer RNAs. The
RNase T1 and U2 structure probing data showed that guanosine
and adenosine nucleotides at the apical stems were reactive (sin-
gle-stranded) (Fig. 4A, B and C). All three RNAs presented here ex-
hibit a strikingly similar stem loop structure that may serve as a
binding site for N. Our results indicate that preservation of this
structure is necessary for truncated RNAs to retain their ability to
bind N (Fig. 4D, E and F).

MBE15.8 and MBE16.40 contained a GAUU motif that was
shown above to be a requirement for N to bind MBE15.8 RNA.
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Table 3
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Regions of sequence similarity between RNA aptamers and the RVFV genome and antigenome identified using BLAST.

Subject  Sequence identified by BLAST Aptamer Frequency in
aptamer pool
(100 clones)
S genome Aptamer ACAAAGACCCC MBE12COMP 1
FEEETETErT mutant
Sbjct 3 ACAAAGACCCC 13
S anti- Aptamer AUGAUUGUUCUGG MBE35 1
genome FEPEETETETrT
Sbjct 207 AUGAUUGUUCUGG 219
M genome Aptamer UCCAAAUGACUA MBEI101 1
FEEEEErrErrrd
Sbjct 770 UCCAAAUGACUA 781
M genome Aptamer CAGAACUGAUU 2xMBE59 2
FEEETETETT
Sbjct 2095 CAGAACUGAUU 2105
L genome Aptamer GUUACUGACUUU 3xMBE14, 6
FIETEETEIrnd 2XxMBE54,
Sbjct 1789 GUUACUGACUUU 1800 MBES1
L genome Aptamer UUCUGAAUUUU MBE1 1
FEEETETETT
Sbjct 3585 UUCUGAAUUUU 3595
L genome Aptamer CAGAACUGAUU 2xMBE59 2
FEEEEETErLd
Sbjct 3932 CAGAACUGAUU 3942
L anti- Aptamer UUCUGGGGCGUCUUC MBE35 1
genome R RRRRRN
Sbjct 1894 UUCUGGAGCGUCUUC 1908
L anti- Aptamer UUUCUGGGGGCG 5XxMBE12, 11
genome . HEERRRERRRE 2xMBE29,
MBE10, MBE45
A 15.8 GAUU motif 5-GAUUGAUGAUUU-3’ B 15.12 U/G-rich motif 5-UUUCUGGGG-3’
15.8 SC mutant 5-GAUUGAUcuaUU-3’ 15.12 SC mutant 5’-UgUaaucGu-3’
15.8 COMP mutant 5’-cuaacuaGAUUU-3’ 15.12 COMP mutant 5’-aaagacccc-3’
60
70
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Fig. 3. Characterization of binding affinity of mutant aptamer RNAs to N. A nitrocellulose filter binding assay was used to compare N binding to wild type and mutant
aptamer RNAs where either the GAUU or U/G-rich primary sequence motifs were disrupted. RNAs were internally labeled with 3?P-UTP and radioactivity retained on filters
was quantified by liquid scintillation counting. (A) Top panel: MBE15.8 aptamer RNA GAUU motif and mutant constructs. Changes to sequence motif are in bold and
lowercase font. Bottom panel: Filter binding assay of wild type MBE15.8 aptamer, mutant constructs and round 1 MBE1.4 RNA. MBE15.8 wild type RNA; open diamonds,
MBE15.8 SC mutant; filled squares, MBE15.8 COMP mutant; filled triangles, and round 1 MBE1.4 RNA; “X". (B) Top panel: MBE15.12 aptamer RNA U/G rich motif and mutant
constructs. Changes to sequence motif are in bold and lowercase font. Bottom panel: Filter binding assay of wild type MBE15.12 aptamer, mutant constructs and round 1
MBE1.4 RNA. MBE15.12 wild type RNA; open diamonds, MBE15.12 SC mutant; filled squares, MBE15.12 COMP mutant; filled triangles, round 1 MBE1.4 RNA; “X".

When these aptamers were truncated and the stem loop structure
containing the GAUU motif was preserved, both retained their abil-
ity to bind N (Fig. 4D and F). Conversely, a truncation of MBE16.41
that disrupted the pyrimidine portion of U/G-rich motif caused the
RNA to completely lose its affinity for N (Table 2; 7% input RNA
bound at 12.5 uM). These results further support our hypothesis
that the GAUU and U/G-rich motifs are important components of
N-RNA recognition.

A truncated version of MBE15.14 that contained an 11 nucleo-
tide-long sequence of RNA present in the L segment of viral geno-
mic RNA bound N with high affinity (62% of input RNA bound at
12.5 uM). This U-rich sequence was isolated a total of six times
from the final pool of RNA and was also found in two aptamers
unrelated to MBE15.14 (Table 3). The 15.12 COMP mutant aptamer
bound N better than the wild type aptamer MBE15.12 (Fig 3B).
MBE15.12 RNA was of interest because it contained a U/G-rich
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motif also found in the L segment of viral antigenomic RNA (Ta-
ble 3). Interestingly, the complement of the U/G-rich motif is a se-
quence found at the 5’ end of the S segment of viral genomic RNA.
The truncated version of 15.12 COMP mutant (15.12 TRNK COMP
mutant) retained this viral sequence, bound N with high affinity
and was predicted by RNA structure probing experiments and
mfold to be a stem loop structure (Fig 4E). Mutation of the large
15 nucleotide long loop in 15.12 TRNK COMP mutant to create
RNAs with smaller loops (TRNK loop A and TRNK loop B) did not
affect binding affinity to N (data not shown). TRNK loop A and
TRNK loop B RNAs retained all and most of the viral RNA sequence,
respectively, which suggests that this sequence may be important
for N recognizing and binding to both viral and aptamer RNA.

3.9. Fluorescence polarization detection of N-aptamer binding

A truncated RNA aptamer (15.12 TRNK COMP mutant, Fig. 4E)
was chemically synthesized and 3’ end-labeled with fluorescein
(TriLink BioTechnologies). Fluorescent RNA was incubated in bind-
ing buffer with varying concentrations of RVFV N at 30 °C for 1 h

and fluorescence polarization (FP) measured. The results showed
that the FP value was low (220 mP) when the label was attached
to RNA alone and increased to 420 mP when the RNA was incu-
bated with increasing concentrations of N (Fig. 5A). Titration of N
with the 3’-FAM-labeled RNA aptamer gave an apparent Ky of
2.6 M. Next we performed competitive binding experiments by
incubating a constant amount of N (4.5 uM) with varying concen-
trations (450 pM-5.0 uM) unlabeled competitor RNA at 30 °C for
40 min. Labeled aptamer RNA was added (10 nM) and the reaction
incubated for 40 more minutes at 30 °C. Fluorescence polarization
measurements were taken and the results showed unlabeled apt-
amer RNA competed for N binding with labeled aptamer RNA.
Competition experiments were conducted with four different apta-
mers and the apparent K; values were all in the ~200 nM range. A
nonbinding RNA (MBE1.4 RNA) was unable to effectively inhibit
the labeled RNA from binding N (Fig 5B). These data demonstrate
that fluorescence polarization can be used to report binding of
fluorescently labeled aptamer RNA to N as a function of competitor
binding and that this approach could find utility as a biosensor or
drug-screening tool.
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4. Discussion

All known functions for N during viral replication involve bind-
ing RNA in either a non-specific or specific manner. On the one
hand, N possesses sequence-independent binding properties that
allow it to form N-RNA complexes along the entire length of viral
RNA. On the other hand, specific recognition of cognate RNA by
N has been observed in a number of viruses related to Rift Valley
fever virus. In the present study, we characterize specific N-RNA
interactions for Rift Valley fever virus.

RNA constructs that resemble the panhandle of RVFV viral RNA
S segment bind with medium to high affinity to N. These results
corroborate studies in Sin Nombre virus (SNV), a member of the
Hantavirus genus, that show N specifically binds to a panhandle
structure formed by the self-complementary 5 and 3’ ends of the
viral genome (Mir et al., 2006; Mir and Panganiban, 2004, 2005).
The triplet repeat UAGUAGUAG is required for N to bind SNV
mRNA and this sequence is also present at the 5’ end of all three
segments of the SNV genome and antigenome (Mir and Pangani-
ban, 2010). Together these data show that the binding specificity
of N is influenced by both sequence and structural features of
RNA. N from several other species of bunyavirus are known to pref-
erentially bind to the 5’ end of the viral genome and antigenome
(Ogg and Patterson, 2007; Osborne and Elliott, 2000; Severson
et al., 2001). This binding event is thought to be an important sig-
nal that causes N to switch from a specific to a nonspecific mode of
binding and initiates nucleocapsid assembly (Raju and Kolakofsky,
1987). Binding outside this region was also observed in Jamestown
Canyon virus (Orthobunyavirus genus) but the sequences or sec-
ondary structures involved in this N-RNA interaction were not spe-
cifically identified (Ogg and Patterson, 2007).

To further characterize N-RNA binding motifs, we used an unbi-
ased in vitro evolution approach to search for RNA ligands of N
without any a priori assumptions of sequence or structural con-
straints. A library of randomized RNA molecules was incubated
with N and the RNA species that bound N with high affinity were
isolated, amplified and used as substrates for the next round of
selection. Sequence analysis of 100 individual RNAs isolated from
the final rounds of the in vitro selection showed enrichment of gua-
nosine and thymidine residues compared to sequences analyzed
from earlier rounds (Table 1). Identification of regions of similarity
between aptamer and viral RNA sequences using BLAST revealed
the presence of motifs located in different regions of all three viral
RNA segments. The most frequent similarity is represented by an
U/G-rich motif in the RVFV L antigenome, found in 11 out of the
100 sequenced aptamers (Table 3). Surprisingly, an RNA that
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contained a complementary mutation of the U/G-rich motif bound
with even higher affinity to N than the wild type aptamer (Fig 3B).
These data suggest that N is able to recognize both a specific se-
quence and its complement. The same phenomenon has been ob-
served in Jamestown Canyon virus, where it was shown that N
binds with high affinity a short segment of ssSRNA that corresponds
to the 5’ end of the viral genome, as well as its complement (Ogg
and Patterson, 2007).

Several GAUU rich aptamer sequences aligned with sequences
present on the M and L segments of the RVFV genome and the S
antigenome (Table 3). Mutation of the GAUUGAUGAUU motif in
the MBE15.8 aptamer showed that preservation of this sequence
is a requirement for N binding (Fig. 3A). Although this sequence
has not yet been shown to be important for N-RNA recognition
in other bunyaviruses, the bacterial chaperone protein Hfq prefer-
entially binds AU rich RNA (de Haseth and Uhlenbeck, 1980; Se-
near and Steitz, 1976). It is possible that like SNV, RVFV N has
chaperone activity. If so, binding and unwinding GAUU rich stem
loop structures in viral mRNA could increase the rate of production
of viral proteins. Indeed, chaperone proteins have been shown to
be essential for some RNA viruses, such as phage QB (Franze de Fer-
nandez et al., 1968, 1972; Miranda et al., 1997).

Interestingly, the novel N-RNA binding motifs that we identified
in aptamer sequences map to coding regions of the different viral
RNA segments (Tables 2 and 3). Further analysis of these data
could potentially shed light on N-RNA interactions that are impor-
tant for N to function during other phases of the viral replication
cycle. For example, interaction with host translational machinery,
specifically ribosomal protein S19, suggests a role for N in transla-
tion of viral mRNA (Cheng et al., 2011; Haque and Mir, 2010). Also,
accumulation of N is required to trigger the switch from transcrip-
tion to full-length cRNA synthesis (Schmaljohn, 1996). It is possible
that during these processes N interacts with non-terminal viral
RNA sequences. Future work will involve determining if the N
binding motifs identified in this study are important for regulation
of viral replication.

Information obtained from sequence analysis of the RNA apta-
mers was also used to make a biosensor that reports on N-RNA
binding. We chose the 15.12 TRNK COMP aptamer as the RNA sen-
sor for two reasons. First, it was one of the RNA constructs that re-
tained a high affinity for the N protein upon truncation (Fig 4E).
Second, analysis of sequence similarities revealed that its 3’ end
contained an 11-nucleotide motif present at the 5’ terminus of
the S segment of RVFV RNA (Table 3). In fact, the first 6 nucleotides
of this motif are highly conserved, as they are present at the 5’ end
of all segments of the viral RNA genome and antigenome.
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Fig. 5. Analysis of aptamer RNA-N binding interactions using fluorescence polarization (FP). (A) Binding profile for the association of N with fluorescently labeled aptamer
RNA (open triangles). (B) A competition assay where a fixed concentration of N was incubated with varying concentrations of unlabeled competitor RNAs (round 1 MBE1.4
RNA,; filled squares, MBE15.3 aptamer RNA; open circles). Fluorescently labeled aptamer RNA was added and the FP signal is plotted versus competitor RNA concentration.
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Significant changes in fluorescence polarization (FP) of a labeled
15.12 TRNK COMP RNA were detected as a result of N binding
and this change in FP could be inhibited by addition of an unla-
beled RNA that also binds N with high affinity. Aptamer RNAs
could thus be used as a sensitive fluorescence-based sensor of
RVFV N binding with potential applications for drug screening
and imaging methodologies.

Several lines of evidence suggest that targeting nucleocapsid
protein is a viable therapeutic strategy. Experiments conducted
in La Crosse virus (genus Orthobunyavirus) show that interferon-in-
duced cellular MxA protein inhibits viral genome production by
binding and depleting the infected cell of N. This binding interac-
tion causes N to be sequestered in cytoplasmic inclusion bodies
and inaccessible during viral replication (Kochs et al., 2002). Fur-
thermore, RNA aptamers against HIV-1 Gag polyprotein have been
shown to cause inhibition of viral replication in cell culture. Some
of these aptamers function by targeting the nucleocapsid (NC)
component of the polyprotein and competing with viral genomic
RNA for binding (Ramalingam et al., 2011). Finally, the character-
ization of several novel antiviral agents that target HIV-1 and
respiratory syncytial virus nucleocapsid proteins (Chapman et al.,
2007; Rice et al., 1993) underscore the potential utility of under-
standing and exploiting N-RNA interactions for antiviral strategies.
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