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ABSTRACT Nanopores are single-molecule sensors that show !
exceptional promise as a biomolecular analysis tool by enabling
label-free detection of small amounts of sample. In this paper, we
demonstrate that nanopores are capable of detecting the conforma-
tion of an antiviral RNA drug target. The hepatitis C virus uses an
internal ribosome entry site (IRES) motif in order to initiate
translation by docking to ribosomes in its host cell. The IRES is
therefore a viable and important drug target. Drug-induced changes

to the conformation of the HCV IRES motif, from a bent to a straight

RNA+drug

Fast

conformation, have been shown to inhibit HCV replication. However, there is presently no straightforward method to analyze the effect of candidate small-

molecule drugs on the RNA conformation. In this paper, we show that RNA translocation dynamics through a 3 nm diameter nanopore is conformation-

sensitive by demonstrating a difference in transport times between bent and straight conformations of a short viral RNA motif. Detection is possible

because bent RNA is stalled in the 3 nm pore, resulting in longer molecular dwell times than straight RNA. Control experiments show that binding of a

weaker drug does not produce a conformational change, as consistent with independent fluorescence measurements. Nanopore measurements of RNA

conformation can thus be useful for probing the structure of various RNA motifs, as well as structural changes to the RNA upon small-molecule binding.
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nderstanding the molecular basis of
l |disease has enormously impacted

health in our society by providing
insightful paths to disease diagnosis and
rational drug development. In recent years,
isolation and interrogation of ribonucleic
acid (RNA) molecules has revolutionized
our view on biology. A prime example of
this is that low abundance RNA molecules
(e.g., microRNA, long noncoding RNA) have
been shown to exhibit diverse functional
roles in cell maintenance. Similarly to proteins,
RNA function is frequently connected to for-
mation of an elaborate three-dimensional
structure, and the ability to monitor confor-
mation in RNA molecules has potential
medicinal uses. For example, the hepatitis
Cvirus (HCV) causes hepatitis Cin humans, a
life-threatening liver inflammation that oc-
curs in roughly 80% of patients infected
with HCV. There is currently no vaccine for
HCV, and before the approval of direct
antiviral drugs, leading treatments were
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only curative in 50% of patients." HCV re-
plicates by binding to host cell ribosomes
using an internal ribosome entry site (IRES)
RNA motif. The IRES domain is a highly
conserved motif that allows efficient, cap-
independent translation initiation at the
ribosome by virtue of its elbow structure.
The structures of subdomain lla of the IRES
element of HCV, as well as high and low
affinity benzimidazole derivatives 1 and 2
that bind to it, are shown in Figure 1a. The
L-shaped domain Il of the HCV IRES is
structurally similar to the 40S ribosomal
subunit that it binds to,?> and once de-
formed, the IRES is unable to attach to the
host ribosome and replicate.

Many approaches for inhibiting IRES ac-
tivity in vivo have been sought, including
the use of anti-IRES aptamers® and small-
molecule drugs. Recently, the Hermann
group has shown that a benzimidazole
derivative targets the IRES with micro-
molar affinity and by deforming its highly
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Figure 1. RNA conformational analysis using nanopores. (a) Cartoon map of the Hepatitis C (HCV) viral RNA. The box
highlights the subdomain lla, which adopts a bent fold within the internal ribosome entry site (IRES). A synthetic model of the
lla subdomain, consisting of two hybridized single-stranded RNAs. (b) Scheme of a 3 nm diameter pore in a 10 nm-thick silicon
nitride (SiN,) membrane, used to electrophoretically thread the RNA molecules. Inset shows PAGE gel image of the 5’ and 3’
RNA oligos and their 1:1 hybridized complex. (c) Continuous current vs time trace (top) of a 0.8 xM solution of the IRES lla
model in 0.3 M KCl, and a concatenated set of analyzed events from the same experiment (V=200 mV, T=25 °C, pH = 8.0, low-

pass filter 200 kHz).

conserved structure, HCV RNA translation is efficiently
inhibited.* This deformation has been verified by using
nuclear magnetic resonance and Forster resonance
energy transfer (FRET).> FRET is an effective tool for
monitoring RNA conformations, as it reports on the
distance between two fluorescent dyes conjugated at
particular sites on the RNA molecule of interest. How-
ever, while FRET stands as a convenient method, the
tedious need for chemical labeling of RNA makes RNA
molecular preparation quite expensive. In addition,
possible nucleic acid/dye interactions can impact the
structure of the RNA of study, as well as interactions
with the potential RNA binder. Therefore, a label-free
method that can monitor changes in RNA conforma-
tion in real time without the need for chemical labels
would aid in the search for various RNA targeting
drugs.

In this paper, we show that nanopores can be used
to detect the HCV IRES subdomain lla conformational
changes induced by benzimidazole derivatives. Nano-
pore sensing employs a voltage bias across the pore to
electrophoretically drive individual macromolecules.
The ion current produced by the voltage bias is used
to measure biomolecular passage at high temporal
resolution. Advantages of nanopores include label-free
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detection, single-molecule sensitivity, and the ability to
detect biomolecules at attomole levels. These features
make nanopores promising tools for screening drugs
that induce conformational changes in viral RNA.
Biological nanopores such as o-hemolysin have pre-
viously been utilized for studying nucleic acid confor-
mations such as G-quadruplex structures,®’” aptamers
to small molecules,®® and DNA hairpins with chemical
damage.'®"" In addition, prior RNA detection works
using nanopores include studies of the dynamics of
single-stranded'®™ "> and double-stranded’® RNA
translocations, microRNA and tRNA detection,'” RNA/
antibiotic interactions,'® RNA/protein interactions,'%?°
RNA folding and secondary structures,®’ and have
demonstrated nanopores sensitive enough to discri-
minate between different RNA homopolymers.?* Solid-
state nanopores, which offer the advantages of en-
abling a wider range of forces to be applied, a tunable
pore geometry, and tunable pore surface chemistry
have recently been used for studying the conforma-
tions of proteins.2>~2> However, to our knowledge, in
this study we report the first use of synthetic pores for
probing RNA conformational changes.

Our approach for detecting RNA conformational
changes relies on solid-state nanopores of precise
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geometry, which are used to discriminate bent from
linear RNA conformations based on differences in
translocation dynamics. Cartoon images of a 3 nm
diameter nanopore and the HCV subdomain Illa RNA
construct used in our experiments are shown in
Figure 1b. Since RNA is negatively charged, applying
a positive bias to the bottom chamber (trans chamber)
provides an electrophoretic force (F) that pulls the RNA
molecule through the pore. Transport of a bent mole-
cule through the pore is hindered, while a linear
conformation would translocate largely unhindered.
In Figure 1¢, a typical continuous current trace contain-
ing translocations of these RNA molecules is shown,
along with several zoomed-in events expanded for
visibility. A TEM image and current—voltage curve of
a 3 nm diameter nanopore is shown in the Supporting
Information (Figure S1).

The HCV IRES domain was reconstituted by heating a
mixture of 400 uM 5-CGG AGG AAC UAC UGU CUU
CAC GCC and 5-GCG UGU CGU GCA GCC UCC GG
(Genscript, Piscataway, NJ) to 70 °C, followed by slow
cooling to room temperature, as previously described.”
Two drugs were used in this study, as shown in Figure
2a: positive control drug 1 has been shown using FRET
to bind to the elbow region of the IRES domain with a
dissociation constant of ~3 uM,> while negative con-
trol 2 is an analogue drug with a much weaker affinity
of ~64 uM.?® Therefore, in this study compound 1
serves as a positive control and compound 2 as a
negative control. Binding and conformational change
induced by compound 1 to the HCV RNA was con-
firmed by repeating the FRET assay performed by
Parsons and co-workers (Figure 2b).? For this experi-
ment, RNA oligos with identical sequences to those
indicated above were used, with their 5" ends labeled
using Cy3 and Cy5. We performed the FRET assay with
HCV in the presence of 300 mM KCI, an identical
electrolyte as that used for the nanopore experiments.
High K* concentrations are known to mimic divalent
ion concentrations, and therefore no Mg*" was re-
quired in our buffer. The decrease in FRET intensity
with added drug confirms an increase in the inter-
helical angle of the RNA, which effectively changes its
conformation from bent to straight.

Pores were assembled in a homemade PTFE cell
using an elastomeric gasket to provide a good seal and
reduce the device capacitance, which contributes to
high-frequency noise.?” A solution of 0.3 M KCl electro-
lyte tris-buffered to pH 8.0 was introduced to both
sides of the chip such that the pore forms a solitary
fluid channel between the two chambers. Before every
experiment, the pore was checked for absence of
“fake” pulses upon applying a voltage, which typically
indicates pore contamination. Then, IRES RNA was
added to a final concentration of 0.8 uM, and 30—60 s
long continuous current traces were recorded at
an applied voltage of 200 mV. For experiments with
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Figure 2. (a) Chemical structures of the high-affinity binder
1 (K4 = 3.4 uM) and negative control binder 2 (K4 = 64 uM).
(b) FRET titration of 1 at 0.3 M KCI at different 1:HCV ratios,
where the concentration of HCV RNA was 1.8 uM.
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Figure 3. Concatenated traces that display 30—50 charac-
teristic events for the different experiments. Each detected

event is shown with 250 us of data before and after the
event.

RNA/drug mixtures, indicated numbers of molar equi-
valents were added to the RNA solution and mixtures
were incubated for a minimum of 30 min prior to
recording traces. Collected traces were then ana-
lyzed to extract transit dwell time ty and mean cur-
rent blockade amplitude A/ for each pulse using the
OpenNanopore program developed by the Radenovic
group.?®

RESULTS AND DISCUSSION

Nanopore experiments were performed on the com-
plexes of RNA with compound 1 and compound 2 in
order to demonstrate the sensitivity of nanopores to
RNA conformation. Sample traces of concatenated
events are shown in Figure 3, where the events are
bunched after analysis with 250 us shown before and
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Figure 4. Contour plots of the log of the dwell time vs
current blockage for various drug/HCV ratios, where IRES
HCV RNA concentration was maintained at 0.8 4M in all
experiments (3 nm diameter pore, V = 200 mV). Number of
events (n) indicated in each contour plot.

after every detected event. As seen in the traces, in the
absence of drug, pulses with a broad range of dura-
tions are observed, up to the millisecond regime.
Similarly, for 10x control drug 2, we observe a wide
range of events. However, upon the addition of 10x
and 100x drug 1, long events are virtually absent, and
we notice an exclusive set of short pulses with average
translocation times below 10 us.

The collective behavior of >1000 events in each
experiment is represented by the contour plots of
current blockade amplitudes Al vs dwell times tq4 for
the different experiments is shown in Figure 4. Pulse
durations are shown in log scale in order to capture the
breadth of dwell times for the free RNA molecule. This
breadth is due to the fact that the molecule has to
deform in order to “squeeze” through the 3 nm pore
constriction, an activated process that generally has a
broad distribution of times for weak applied forces (see
voltage study in the Supporting Information, Figure S2).
The most abundant region of the distribution of
events clearly shifts from ~10%° us in the absence
of drug to ~10" us when 1 is present, reflecting a
significant overall reduction in the dwell time of
events in the presence of 1. These short events up-
on drug binding and RNA conformational change
would be difficult to detect without the Chimera high-
bandwidth amplifier (see data reproduction using two
other pores using an Axopatch amplifier in Supporting
Information, Figure S3).

From the contour plots in Figure 4, we also clearly
see a correlation between the magnitude of current
blocked and the RNA conformation: events longer than
100 us for the free RNA tend to block a larger magni-
tude of current. As drug is added, the average current
blockage decreases as the rate of long events drops.
This is consistent with our expectation, as a bent RNA
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Figure 5. (a) Log dwell-time (ty4) histograms for the various
experiments shown in Figure 3. (b) Integrated normalized
dwell-time distributions, which highlight the shorter life-
time of the straight RNA conformation that results from
drug binding to HCV RNA.

molecule trapped in the pore should block a larger
fraction of ions than a straight molecule.

Dwell-time distributions are shown in Figure 5a (see
analysis of dwell time distributions in Supporting Informa-
tion, Figure S4). While characteristic dwell times for free
RNA lie in a broad range of 0.1—10 ms, binding to 1 results
in a pronounced decrease in dwell times to <0.1 ms, which
agrees with the independent FRET results that confirm an
RNA conformational change upon drug binding. In con-
trast to the results obtained for drug 1, the experiment
with 10x compound 2 on the same pore did not produce
a noticeable change, and the population of longer trans-
locations is still visible (similar to free HCV RNA).

Finally, Figure 5b shows integrated (and normalized)
dwell-time distributions for the experiments shown in
Figure 3. The curves display the probability of RNA
translocation with time. Since our nanopore has a diameter
of 3 nm, which just accommodates an RNA duplex, the
probability of transporting a bent RNA conformation rises
moderately with time, as indicated by the red curve which
shows a small slope in the P, vs dwell time. In contrast,
the conformational change induced by compound 1
binding sharply increases the translocation probability at
early times, which indicates that the molecule experiences
no hindrance upon translocation through the pore.

CONCLUSION

We have shown that a ~3 nm diameter nanopore is
a viable label-free detector of RNA conformational
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change. HCV IRES subdomain lla is a viable RNA drug
target because it is required for HCV virus replication.
Binding of the IRES motif to benzimidazole derivative 1
results in a sharp conformational change.” This change
was readily detected by measuring RNA translocation
times. Despite the small size of the HCV IRES domain lla,
which is approximately equivalent to a ~25 base pair
fragment in length,? 3 nm diameter nanopores easily
distinguish straight from bent RNA conformations.

MATERIALS AND METHODS

Nanopores were fabricated on ~20 nm thick silicon nitride
freestanding membranes supported by a Si chip using a JEOL
2010FEG transmission electron microscope, as previously de-
scribed.>° Fabricated nanopores were cleaned using hot piranha
solution and following a copious rinse with deionized water, they
were assembled in a custom PTFE cell equipped with homemade
Ag/AgCl electrodes.

The domain lla model was reconstituted using supplied
oligos according to the Hermann group.® To perform fluores-
cence imaging, we used supplies oligos to which fluorophores
were attached on either end. We made titrations of HCV and the
drug benzimidazole in TEX buffer in both water and 0.3 M KCl.
FRET was performed in a real-time PCR instrument (Bio-Rad
CFX96) by preparing solutions of 1.8 uM HCV and varying the
HCV:drug ratio up to 1:100, in accordance with Hermann's group.

For nanopore experiments, we reconstituted the domain lla
by 1:1 hybridization of unlabeled RNA oligos using an identical
melting-annealing step as with labeled oligos (gel image that
confirms hybridization is shown the inset to Figure 1b). Nano-
pore experiments were performed by titrating drug sample into
0.8 uM RNA in 0.3 M KCl electrolyte buffered to pH 8.0 using Tris.
All nanopore experiments were performed at room tempera-
ture. A 200 mV voltage was applied to the collection (trans)
chamber of the nanopore using a pair of Ag/AgCl electrodes.
Data was acquired at 4.19 MHz using a Chimera Instruments
VC100 and prior to analysis it was low-pass filtered at 200 kHz to
provide a suitable signal-to-noise ratio. Analysis of the traces
was performed using a modified version of the open-source
OpenNanopore MATLAB program developed by Raillon,?®
which utilizes a cumulative sums algorithm for pulse detection.
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