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ibonucleic acid molecules have enor-
mous potential as drug targets for
numerous RNA-mediated diseases

and bacterial/viral infections." * As the vast
majority of discovery tools are focused on
protein targets, there is a clear need for
experimental and computational develop-
ment of tools for discovery of RNA targeting
drugs.” This is particularly true for antibac-
terials, as many bacterial strains have
evolved resistance to contemporary anti-
biotic treatments,® and antibiotics currently
in clinical use might become obsolete in the
near future. New methods for probing RNA/
drug interactions that are fast, accurate, and
sensitive can greatly aid the discovery of
new therapeutics for RNA-mediated dis-
ease. This is particularly true for high-
throughput screening of trace molecules
and natural products, where the amount
of model RNA and/or drug might be limited.
A canonical RNA drug target is the pro-
karyotic ribosomal RNA (rRNA) decoding
site or A-site.” ' Aminoglycoside antibio-
tics are very effective in targeting this key
functional site, disrupting protein synthesis
by interfering with transfer RNA (tRNA)
binding and/or reducing the codon-antic-
odon recognition fidelity."' "' The A-site is
a small domain within the 16S unit of rRNA
that contains two key adenine residues,
A1492 and A1493 (see Figure 1). It was
previously shown that a truncated RNA con-
struct that contains the A-site region mimics
the function and antibiotic recognition fea-
tures of the 165 rRNA.%'* Fluorescence ex-
periments using A-site constructs contain-
ing emissive and responsive nucleoside
analogues such as 2-aminopurine have
shown great promise,'>~'® although the fluor-
escence signal is antibiotic-dependent.'®~2°
While alternative fluorescence assays are
being developed, for example, based on
Forster resonance energy transfer (FRET),?'
label-free platforms that detect an intrinsic
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Nanopores in thin solid-state membranes are used to rapidly analyze individual RNA/drug

complexes. The interactions of a truncated A-site RNA model of the prokaryotic ribosome with

aminoglycoside antibiotics are characterized by passing individual molecules through a

3—3.5 nm diameter pore fabricated in a 8—10 nm thick silicon nitride membrane. Complexes

of the A-site RNA with aminoglycosides can be distinguished from unbound A-site based on the

ion current signatures produced as they pass through the nanopores. Counting the fraction of

free and drug-bound molecules affords label-free drug—RNA binding isotherms consistent

with literature reports and with data generated using independent fluorescence-based assays.

Our measurements are supported by molecular dynamics simulations, which illustrate the

relationship between the ionic current and complexation of the A-site RNA with paramomycin,

a prototypical aminoglycoside antibiotic.

KEYWORDS: antibiotics - single-molecule - molecular dynamics - A-site - rRNA -

drug discovery

molecular property of native RNA target/
drug systems may permit greater flexibility
in studying native nucleic acids and avoid
probe-specific artifacts.

Nanopores are molecular Coulter coun-
ters that can analyze the properties of small
molecules, polymers, and biopolymers in
solution at the single-molecule level and
with high-throughput (>10* molecules per
minute).>?~%° Bayley's engineered protein
channels through lipid bilayers have re-
cently been used to discriminate among
different nucleotide bases, establishing a
basis for future-generation electronic DNA
sequencing.®®%” Solid-state nanopores have
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also been used for detecting complexes of DNA with
small molecules?® and biomolecules,®® 3! and other
types of synthetic nanopores have been used to detect
and quantify virus/antibody and protein/antibody
complexation.323*

We have recently demonstrated that solid-state
nanopore membranes with comparable thickness to
biological bilayers can distinguish between short nu-
cleic acid polymers based on their different secondary
structures.®® Here we utilize these sensitive counters to
detect and quantify the formation of a 1:1 RNA/drug
complex. We demonstrate that the electronic signa-
ture of a prokaryotic 16S rRNA A-site is different when
an aminoglycoside drug is bound to it, enabling elec-
tronic discrimination of the complex. Furthermore,
titrating drug into the RNA molecule and counting
the fraction of bound molecules as a function of drug
concentration allows binding affinities to be extracted
in good agreement with data generated by alternative
methods. Molecular dynamics (MD) simulations that
characterize the permeation of our RNA construct
through nanopores with atomic resolution probe the
effect of temperature, pore size, and drug binding on
the ionic current signatures, which corroborates our
interpretation of the measurements. These results
establish that nanopores generated in thin silicon
nitride membranes can be used to rapidly and accu-
rately detect individual RNA/drug complexes.

RESULTS AND DISCUSSION

Figure 1a depicts the main features of our experi-
mental setup. A 3 nm diameter solid-state nanopore is
fabricated through an ultrathin silicon nitride mem-
brane (8—10 nm). The nanopore acts as an electrolyte
junction between the top and bottom chambers, and
measuring ion current using a pair of electrodes re-
ports the macromolecular traffic through the junction.
The mean pore conductance range for pores used in
this study was 4 + 3 nSat 0 °Cin 1 M KCl electrolyte, as
determined from linear fits to the slopes of the I—V
curves in the range of +0.5 V. Pores of this size can
exhibit slight current rectification of up to 20% in the
measured voltage range (ie., 0.8 < [,./I_y < 1.2),
possibly due to irregular pore geometry and possible
ion binding.>°

Continuous, 2 s traces of the ion current through the
pore are shown in Figure 1a, before and after the
addition of A-site RNA to the negative chamber to a
concentration of ~1 uM. The steady-state open-pore
current is similar after RNA addition (~1.8 nA). A high
frequency of current blockade spikes (500—2000
events/s, exact rate varies by up to 50% from pore to
pore) indicates the stochastic occupancy of the pore
with RNA molecules. Given the high flux,a 5—20 s trace
is sufficient to collect enough information about the
sample. As previously reported, the combination of a
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Figure 1. Counting individual RNA molecules and RNA/
drug complexes using a nanopore. (a) All-atom model of a
3 nm diameter hourglass-shaped nanopore in an 8—10 nm
thick silicon nitride membrane. The SisN; membrane is
shown as a cut-away molecular surface, the RNA is shown
in purple and aminoglycoside drug in green, and water and
ions are not shown. The nanopore is the only junction
between the top and bottom electrolyte chambers, each
equipped with a Ag/AgCl electrode. A transmembrane
voltage with a polarity indicated in the red and blue circles
drives RNA molecules through the pore. Permeations of the
molecules are detected as transient interruptions of the ion
current. On the right, continuous ion current traces are
shown before and after the addition of 1 M A-site RNA to
the negatively biased chamber. Inset shows an expanded
portion of the current trace, with the appropriate scale bars.
Dashed red lines indicate the threshold level used to detect
the events. (b) Sequence and secondary structure of the
truncated A-site model used in this study, as well as the
chemical structures of the three drugs tested in this study.

small pore diameter, an ultrathin membrane, and low
bath temperature facilitates the detection of small
nucleic acids.”® Moreover, the molecular flux of short
RNA fragments into the pore can be tuned by altering
the voltage and the concentration of molecules in the
solution. For our experiments, a voltage of 500 mV was
applied in order to maximize the capture frequency
and minimize the rate of unsuccessful collisions. Colli-
sions are marked by brief and shallow current pulses,
and their rate is markedly reduced when voltage is
increased.?® Occasionally, a molecule gets trapped in
the pore for >100 ms, in which case voltage is reversed
to eject the molecule from the pore (see Supporting
Information Figures S3 and S4a).

Figure 1b shows the sequence and structure of the
A-site construct used, where the two adjacent adenines
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that constitute the active site for codon-anticodon re-
cognition in rRNA are highlighted, and the structures
of three aminoglycoside antibiotics investigated here.
Although the structures of the aminoglycosides appear
similar, the subtle structural differences account for vastly
different affinities to the A-site RNA, as recently investi-
gated using a novel FRET-based competition assay.?' In
going from neomycin (NM) to paromomycin (PM) to
kanamycin (KM), the affinities to the A-site decrease from
ICs0=7t0 33 to 270 uM, respectively (in 500 mM NacCl, pH
8.0). Therefore, these are suitable molecules to validate
our nanopore-based assay.

Figure 2 shows continuous ~200 ms ion current
traces of a 3 nm diameter pore, where the negatively
biased chamber contained 1 uM of A-site and PM
concentrations of 0, 70, and 130 uM. The gray and pink
shaded areas at the troughs of the traces are shown in
order to visualize the changing characteristic current
amplitude level of the events upon increasing the PM
concentration. Current amplitude histograms from the
experiments shown in Figure 2a are shown in
Figure 2b. Each histogram is based on analysis of the
mean current amplitude of thousands of events in a
given experiment (the number of events n for each
experiment is indicated in the figure; see Figure S4a in
Supporting Information for complete raw data sets).
Prior to the addition of PM, the distribution appears to
have two predominant populations that correspond
to collisions (~0.60 nA) and translocations (peak at
~0.90 nA). The green curve for the A-site fits well a
double Gaussian function (see Figure S4c for exact fit
parameters). As the PM concentration increases, the
distribution of the current blockade amplitudes broad-
ens, and a new population with higher Al emerges.
This time, a triple Gaussian function was used to fit the
data, and the newly emerging peak at 1.15 nA conveys
the emergence of a new blockade level upon binding
of PM to the A-site (see red histogram in Figure 2b, as
well as scatter plots and fit parameters in Figure S4c).
As more PM is added, the fraction of events with a
deeper blockade is increasing, as shown by the third
histogram for a PM concentration of 130 uM (purple).
Exact fit parameters for all green curves are given in S4c
of the Supporting Information.

Knowing the fractional occupancy of the A-site for
each PM concentration, Fc, is sufficient to obtain a
quantitative affinity curve, or binding isotherm. The
assumption made here is that the probability of enter-
ing the pore is equal for the A-site and A-site:drug
complex. We believe this to be true because the change
in molecular weight upon drug binding is only <5%,
and similarly, charge differences between the highly
charged A-site construct and its complex are not
substantial, especially at these high ionic strengths. For
simple 1:1 binding, such as Drug + A — Drug:A, the
dissociation constant kq is [Drug][Al/[Drug:A], where A
represents the A-site RNA. Therefore, the fraction of
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Figure 2. lon current data report on RNA/PM complexation.
(a) Three ~200 ms ion current traces recorded using a 3 nm
diameter pore, 1 uM A-site and 0, 70, or 130 «M PM (shown
in blue, red, and purple, respectively) added to the nega-
tively biased chamber (see Figure S4 for >20 s traces of all
data collected for each plot). The gray and pink shaded
areas at the troughs of the traces are for visualization of the
changing current amplitude level of the events upon in-
creasing the PM/A-site ratio. (b) Histograms of the mean
current amplitudes (Al). As PM concentrations increase, the
fraction of PM-complexed A-site molecule increases the
mean current amplitude of the events (the vertical bar
represents 100 counts). The numbers of events analyzed
for each histogram are indicated by the value of n beside it.
A fraction of the events shown (up to 15%) have mean A/
values of ~0.6 nA, which likely correspond to collisions of
the RNA with the pore (see dashed red line and Figure S4 for
more details). Traces were low-pass filtered to 37 kHz.

A-site molecules that form a complex with the drug
Fc = [Drug:Al/([Drug:A] + [A]) in solution can be
expressed in terms of kq and [Drug] by

[Drug]
[Drug] + kg

c =

Ideally, free and drug-bound RNA constructs must
be completely discernible in order to measure the
fraction of bound molecules using the nanopore data.
However, due to the overlap of current amplitudes in
Figure 2, it is not straightforward to assign an exact
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Figure 3. (a) Mean current amplitude changes (Alyorm) for
titrations of 1 M A-site RNA with PM in 1 M KCI (solid
squares) and 0.5 M KCI (open circles) at pH 7.5, 0 °C. The
Alnorm Values were obtained by subtracting the Al valueata
PM/A-site ratio of O (i.e., A-site only). On the right axis, we
plot F, the dimensionless loading fraction based on max-
imum changes to Alyorm (see text). The dashed line and red
asterisk represent F_ = 1 for the experiment with 0.5 M KCI
concentration. Fitting the data points to a simple binding
model yields a Ky value of 90 & 34 uM for 1 M KCl and 44 +
17 uM for 0.5 M KClI. (b) Mean current amplitude changes for
the drugs NM and KM under identical conditions to the
experiment in (a). KM does not bind to the A-site at 1 M KCI
in the concentration range in which PM and NM do bind. The
K4 for NM was determined to be 14.4 + 3.3 uM.

value of Fc for each experiment (ie., for all events
collected for a given sample). Even though multiple
Gaussians are clearly distinguished in Figure 2b, often
the populations are mixed in a way that cannot reliably
yield Fc. Instead, we find that plotting the fractional
change in current amplitude for all of the translocation
events in each experiment can effectively quantify the
fraction of bound molecules in the population. Figure 3
shows the mean current amplitude change as a func-
tion of PM concentration for two different bath salt
concentrations. Each point in the graph corresponds to
the mean A/ value of >10° events at each concentra-
tion of PM, subtracted from the mean amplitude for
pure A-site in the absence of PM. Dividing this Alnorm
by the value Al upon saturation (obtained from
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measurements at high drug concentrations) yields 0Al,
a dimensionless parameter that we equate with the
fraction of bound drug (i.e., SAI ~ F¢). For simplicity,
O0Al values are shown on the right axis for each trace in
Figure 3. Fitting the A/ data to a simple 1:1 binding
model yields a K4 value of 90 £+ 34 uM at 1 M KCl
and 44+ 17 uMat 0.5 MKCl. The Ky value of 44 £+ 17 uM
obtained for 500 mM monovalent salt concentra-
tion compares well with an independent FRET-based
assay,?! which yielded ICso of 33 & 4 uM for PM (ICsg is
the half maximal inhibitory concentration; see Sup-
porting Information). The decreased affinity of A-site
constructs to aminoglycosides at increased salt con-
centrations is clearly evident from the nanopore ex-
periments and is attributed to electrostatic shielding
effects which alter interactions of the drug with the
A-site.3® For both the 1 and 0.5 M data, the total change
in the mean current amplitude at saturation corre-
sponds to a 20—25% increase from the mean current
amplitude of the free A-site, a remarkably large
difference given the <5% change in molecular weight
that results from complexation of A-site with an amino-
glycoside.

Figure 3b shows results for NM and KM, two addi-
tional aminoglycoside antibiotics. The contrast in
nanopore data between the two drugs is remarkable,
although not surprising: titration of NM, which has a
higher affinity to the A-site, results in an immediate
increase in Alyom followed by saturation, while under
these concentrations of the weak binder KM, there was
no detectable change in Alyorm. The binding curve for
NM yielded a Ky of 14.4 £ 3.3 uM, whereas for KM,
we could not extract Ky because there was no discern-
ible binding at these concentrations. These results
clearly demonstrate that nanopore current measure-
ments are sensitive to the extent of antibiotic binding
to the A-site.

Another experimental quantity collected during the
nanopore measurements is the transport time of a
molecule through the pore—the dwell time, measured
as the duration of the ion current pulses. The dwell
time depends on many factors such as the length of
the nucleic acid polymer, its secondary structure, and
the cross-sectional area difference between the nano-
pore and the nucleic acid. Therefore, quantitative
measurements of the mean dwell times of the A-site
upon drug binding can potentially reveal information
about changes to the RNA structure induced by the
drug. In Figure 4a, we present dwell-time histograms
for the A-site translocation experiments under differ-
ent concentrations of PM. The dwell-time distributions
appear to be similar to those previously reported from
the measurements of nucleic acid transport through
small solid-state nanopores.>” The most likely pulse
duration is very fast (few microseconds), and the tail of
the distribution can be fit to an exponential decay.
Also, the mean dwell time (~40 us) is quite similar to
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Figure 4. (a) Normalized dwell-time distributions for repre-
sentative stages of the titration of A-site with PM at 1 M KCI.
(b) Mean dwell times obtained from the corresponding
dwell-time distributions for titrations of A-site with all three
drugs (see text).

that reported in the study of probe-hybridized micro-
RNAs, which have geometric dimensions similar to the
A-site. However, there is hardly any systematic change
in the mean dwell times upon binding PM, as the
measured dwell-time histograms overlap. Figure 4b,
which shows a plot of the mean dwell times for all of
the experiments reported here, was obtained by fitting
the dwell-time distributions by an exponential depen-
dence and extracting the mean dwell times t4. The
resulting mean dwell times for all samples are in the
40—80 us range, with no obvious systematic correla-
tion between the mean dwell time and the fraction of
drug bound. In Figure S4b, we show scatter plots of
current amplitudes versus dwell times, which also
conveys a vague correlation between Fc and dwell
times.

To independently substantiate our interpretation of
the ion current signals, MD simulations of electric field-
driven transport of our A-site RNA construct through
nanopores in SisN; membranes were performed. The
sequence of snapshots in Figure 5a illustrates a simu-
lated permeation pathway of an A-site/PM complex
through a 3.2 nm diameter pore at 295 K. The blockade
current and the corresponding position of the center of
mass of the RNA relative to the center of the membrane
are presented in Figure 5b as functions of time. The
blockade current, which is defined as the ratio of the
ionic current during the permeation to the open-pore
current, is seen to fluctuate between 25 and 50% until
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the complex leaves the pore constriction and the ionic
current returns to the open-pore level. In another MD
trajectory featured in Figure 5b, the free RNA molecule
did not permeate the nanopore within the time scale of
our MD simulation, although it produced smaller cur-
rent blockade amplitude than in the simulation of the
A-site/PM complex.

To systematically characterize the effect of PM asso-
ciation with A-site RNA on the ionic current signals of
the permeation events, we performed 10 independent
simulations of A-site permeation through the 3.5 nm
diameter pore, starting from five different initial con-
formations for free and PM-bound A-site. Additional
eight simulations were performed to determine the
effect of temperature and the pore diameter. The
starting conformations of the A-site RNA constructs in
the pore are described in the Supporting Information.

Figure 5c and Table 1 summarize the results of these
simulations. In Figure 5¢, the average blockade current
is plotted versus the position of the A-site (open
symbols) or the A-site/PM complex (filled symbols) in
the nanopore for all simulations performed. The plot
clearly shows that the presence of either A-site or
A-site/PM complex within 3.5 nm of the membrane
center substantially reduced the ionic current. The
current blockade traces from individual simulations
(provided in the Supporting Information) indicate sig-
nificant variation of the ionic current between and
within the individual runs. Furthermore, only in two 2
of 10 simulations, the A-site was observed to comple-
tely permeate the 3.5 nm diameter pore at 273 K,
indicating that typical translocation times are much
longer than the time scale of our MD simulations.
Raising the temperature to 295 K increased the prob-
ability of observing complete permeation events; how-
ever, even at 295 K, adhesive interactions between the
A-site and the pore walls arrested transport of the
A-site constructs in 50% of all simulations. In two
simulations of A-site/PM constructs (one each at 273
and 295 K), the complex dissociated inside the pore.
Such events are likely to occur as well in experiment
because of the high electrostatic force gradient in the
pore constriction.?® We observed transient enhance-
ment of the ionic current above the open-pore level at
the end of some complete permeation trajectories,
associated with an increase of counterion concentra-
tion at the trans entrance of the pore.>® Due to the
short time scale of such events, they are unlikely to
contribute to the signal measured in experiment.

To determine what effect the presence of PM has on
the ionic current, we computed the average current
blockade produced by the A-site or the A-site/PM
complex when they resided within 3.5 nm from the
center of the membrane—the ion current-modulating
region of the pore (see Figure 5c¢). Table 1 lists the
average current blockade for each simulation. Despite
a considerable variation of the average blockades from
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Figure 5. MD simulations of A-site construct transport through SisN; nanopores. (a) Snapshots from an MD trajectory
detailing the permeation process of an A-site/PM complex. (b) Vertical position of the center of mass of the A-site construct
with respect to the center of the SizN; membrane (purple, left axis) and the corresponding normalized blockade current
(black, right axis). Data are shown for two MD trajectories of the A-site constructs performed with (filled symbols) and without
(open symbols) PM. (c) Blockade current vs the vertical position of the A-site construct relative to the center of the SisN,
membrane. Each data point represents the blockade current and corresponding position of the center of mass of the A-site,
both averaged over a 5 ns fragment of an MD trajectory. The filled and open symbols correspond to simulations performed
with and without PM. The symbols indicate different simulation conditions as follows: a 3.5 nm diameter pore at 273 Kand five
independent runs (circles), a 3.5 nm diameter pore at 295 K and two independent runs (squares), and a 3.2 nm diameter pore
at 295 K and two independent runs (diamonds).

TABLE 1. Influence of PM Binding, Initial Conformation, Pore Diameter, and Temperature on the Simulated lonic Current
Blockades”

RNA RNA -+ paromomycin
temperature (K) pore diameter (nm) initial conformation current blockade (/1) (%) velocity (nm/ns) current blockade (/1) (%) velocity (nm/ns)
273 35 up 68.1 + 2 0.034 497 +£1 0.017

down 66.9 + 2 0.149 535+1 0.028
horizontal 90.9 + 2 0.0106 778 +1 0.025
tilted up 887 + 2 0.042 761+ 1 0.031
tilted down 90.9 4+ 2 0.517 652+ 1 0.028
295 35 up 926 + 2 0.108 433+1 0.014
down 883+ 2 0.142 348 +1 0.043
295 32 up 426+2 0.018 35+1 0.016
down 51142 0.033 473 +£1 0.049

“The table lists the average blockade current for each MD simulation of A-site permeation, computed over the segments of the respective MD trajectories where A-site was
located within 3.5 nm from the center of the SisN, membrane. The //, values for different initial conformations of the same molecule show that different current blockade
amplitudes can be obtained, predicting a broad distribution of current signals in a “real” experiment. Figures S6 and S7 in the Supporting Information detail the initial
conformations of the A-site constructs, as well as the position vs time and blockade current vs time graphs for each MD run.

one simulation to the other, the average blockade
currents were consistently smaller for the A-site/PM
complex (i.e., larger Al values), in agreement with our
experimental blockade data. The blockade currents for
A-site and A-site/PM systems averaged over the five
independent simulations were 82 4= 12 and 65 £ 11%,
respectively, where the standard deviation was esti-
mated using the average values from individual runs.
This large statistical uncertainty primarily originates
from a large number of microscopic conformations
that our A-site constructs adopted in the pore during
the translocation, which we term here “conformational
noise”. Such conformational noise imposes a funda-
mental limit on the ability of a nanopore measurement

WANUNU ET AL.

to discriminate permeations of A-site from A-site/PM
complex based on individual blockade events.

To elucidate the effect of PM on the ionic current
blockades in the absence of the conformational noise,
we carried out eight additional simulations restraining
the conformations of the A-site constructs with and
without PM to the NMR coordinates and placing
the constructs in the pore constriction. Two possible
orientations of A-site with respect to the pores were
tested; the simulation systems are shown in Figure 6a,b.
The table below the snapshots in Figure 6 lists the
average blockade currents. For each pore and A-site
conformation tested, the blockade current was signifi-
cantly higher in the absence of PM. The change in the
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Pore Open Pore Current Blockade (I/1q) %
Diameter | Current {lg) A-site A-site/PM
(nm) inA) Loop up Loop down Loopup | Loop down
35 272 +0.05 39+1 38 =1 23+1 28 =1
32 2.23 + 0.05 31 26 + 1 19 +1 19 +1

Figure 6. MD simulation of ionic current blockades in the
absence of conformational noise. The snapshots (a—d)
illustrate the conformations of the A-site (with and without
PM bound) used in these simulations: “loop up” (a and c)
and “loop down” (b and d). Due to harmonic restraints,
the biomolecules maintained the same conformations
for the entire duration of the MD run. The table lists the
average open-pore and blockade currents for the two pores
studied.

blockade amplitude due to PM relative to the current
blockade amplitude in its absence was 18 + 7%, where
the standard deviation was computed using the cur-
rent values from the four different systems.

SUMMARY AND IMPLICATIONS

The utility of ultrathin solid-state nanopores for
label-free characterization of 1:1 RNA/drug complexa-
tion has been demonstrated using the prokaryotic rRNA
A-site/aminoglycoside complex as a prototypical exam-
ple. We first showed that upon adding a 27 nucleotide

METHODS

Experiments. Nanopores with diameters of 3 & 0.3 nm were
fabricated as previously described® in 8—10 nm thick low-
stress silicon nitride membranes supported by a 5 x 5 mm? Si
chip. The chips were cleaned using piranha and then assembled
in a custom fluoropolymer cell that utilizes a silicone elastomer
seal between the chip and the cell, such that the nanopore is
the only interface between two electrolyte solutions. The cell was
mounted on a thermistor-equipped copper block for feedback
temperature control, allowing the temperature to be regulated to
within 0.1 °C. The details of our experimental setup and ultrathin
nanopore device fabrication are described elsewhere.?®

The truncated A-site RNA construct used in this study was a
27 nucleotide hairpin-forming sequence 5-GGCGUCACAC-
CUUCGGGUGAAGUCGCC, purchased from Integrated DNA
Technologies. The RNA was purified by gel electrophoresis
and then desalted on a Sep-Pak (Waters Corporation). Paromo-
mycin sulfate (PM), kanamycin sulfate (KM), and neomycin
sulfate (NM), were purchased from Sigma-Aldrich and con-
verted into the corresponding neutral form by passing through
DOWEX MONOSPHERE 550 A (OH) anion exchange resin. Prior
to titrations, RNA solutions prepared using RNase-free water
were heated to 75 °C for 5 min, cooled to room temperature
over 2 h, and placed on ice for 30 min.

All nanopore experiments were carried out at 0 °C in order
to facilitate nanopore detection of the RNA complex, provide a
pseudosterile environment that minimizes RNA degradation,
and minimize solvent evaporation. A total of 10 pores were used
for experiments presented here, and for these pores, the current
signal amplitudes and dwell-time durations were reproduced to
within 30%. For every experiment, a free A-site RNA was used
initially to confirm pore functionality.

WANUNU ET AL.

hairpin A-site model, a distinct set of current blockades
corresponding to passage of the molecules through
the nanopore is observed. Next, titrations of paromo-
mycin into the A-site resulted in current blockades of
larger amplitudes. By analyzing the mean current
amplitudes for a population of signals at each concen-
tration of PM, the binding equilibrium can be mon-
itored. The binding of paromomycin to our A-site
model was examined at two different salt concentra-
tions. In line with previous reports for this particular
RNA—ligand complex, and as anticipated by this lar-
gely electrostatic-driven binding phenomenon, we
found that binding is weaker at higher ionic strengths.
Experiments with neomycin B and kanamycin, two
other A-site binding aminoglycoside antibiotics, that
stronger and weaker affinities can be resolved using
our system, further supporting the correlation between
the blockade current amplitude and drug binding. Our
MD simulations independently support that the average
signal amplitude is a function of aminoglycoside binding
to the A-site. Quantitatively, the experimentally mea-
sured differences in blockade current amplitudes upon
binding of PM (20—25%) are quite similar to the results of
the simulations that yielded the difference of 18 4= 7%.
The results presented here demonstrate that affinities
at the single-complex level can be measured, also con-
veying the broad range of utility and applicability of
sub-10 nm thick nanopores for studying various nucleic
acid/drug systems.

In a typical titration, 100 uL of electrolyte buffered to pH 7.5
was placed in the analyte chamber along with ~100 pmol of
the A-site construct. After mixing the solution and allowing
2 min for equilibration, voltage was applied across the nano-
pore using the Axopatch amplifier and ~20 s long continuous
current data were recorded to allow 10°—10* events to be
collected. All experiments were performed using an applied
voltage of 500 mV to improve the capture efficiency of the
molecules into the pore.?® Drug solution was then titrated into
the analyte chamber followed by ~2 min equilibration and data
recording. This process was repeated until the anticipated
titration end point. The current signal was low-pass filtered
using the 100 kHz Bessel filter of the Axopatch and sampled at
250 kS/s using a digital acquisition board (National Instruments).
Data analysis was performed using custom LabVIEW software
that detects data points below a threshold of 0.8*(/open) and
assigns for each event a mean current amplitude (Al = {lopen) —
(levent)) and duration (t4). Collisions were excluded from analysis
of average Al by only including events with Al > 0.7 nA.
Fractions of bound drug were calculated as described in the
Results and Discussion section.

Simulations. All MD simulations were carried out using
NAMD,*° periodic boundary conditions, the particle mesh Ewald
electrostatics,*’ and multiple time-stepping*® wherein local
interactions were calculated every time step and full electro-
static evaluations performed every three time steps. A 2 fs
integration time step was used with RATTLE** and SETTLE**
algorithms applied to covalent bonds involving hydrogens in
water and RNA/PM, respectively. The van der Waals forces
were evaluated using a cutoff of 8 A and a switching distance
of 7 A. The CHARMM27* force field was used for nucleic acids,
water, and ions along with the custom force field for the SizN,4
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membrane*® and the CHARMM-compatible parameters for
PM.*” The NpT simulations were carried out using the Nosé-
Hoover Langevin piston pressure control,*® and the tempera-
ture in the NVT simulations was maintained using a Langevin
thermostat with the damping constant of 1.0 ps ™' applied to all
atoms of the SisN, membrane. In all simulations, the bulk and
surface atoms of the SisN, membrane were harmonically restrained
with the spring constants of 695 and 6950 pN/nm, respectively.

All-atom models of our experimental system were created
by removing atoms from an 8 nm thick SisN, membrane, as
previously described.*® Two hourglass pores with minimum
diameter of 3.5 and 3.2 nm, respectively, were constructed to
have their narrowest parts located at the center of the mem-
brane. The microscopic models of the A-site constructs with and
without bound PM were based on the NMR structure® (protein
data bank entry code 1PBR). The RNA or RNA/PM complex was
then placed near the entrance of the nanopore (see Figure 1a),
and the resulting system was submerged in a volume of pre-
equilibrated TIP3P water.”' K* and Cl~ ions were added at
random positions to a concentration of 1 M; additional K™ ions
were then added to bring the net charge of the system to zero.
The final systems had the shape of a hexagonal prism with a side
length of 9.2 nm and a thickness of 22 nm and contained
approximately 158 000 atoms. For the simulations of the open-
pore current, two additional systems were built containing no
RNA or RNA/PM constructs.

After initial energy minimization, the systems were equili-
brated for 300 ps having all C atoms of the A-site construct
harmonically restrained, followed by a 1 ns equilibration in the
absence of any restraints. All subsequent simulations were
performed at constant volume. A constant external electric field
was applied that corresponds to a transmembrane bias of 300 mV.
The stability of our models of the RNA and RNA/drug con-
structs in the absence of the nanopore membrane and applied
electric field was tested in separate simulations that are detailed
in the Supporting Information. The ionic currents were com-
puted as previously described.>® A detailed description of our
simulation protocols was recently reported.>®
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