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In this work, we report an affordable, sensitive, fast and user-
friendly electroanalytical method for monitoring the binding
between unlabeled RNA and small compounds in microliter-size
droplets using a redox—probe and disposable miniaturized screen-
printed electrochemical cells

Increasing evidences have shown that non-coding RNAs play a
key role in many biological functions and are involved not only
in infectious but also in many other human diseases.! Despite
an exploding number of biological studies suggesting RNA-
regulated pathways as potential drug targets, the design of
small, drug-like compounds able to selectively bind and
modulate RNA functions is still difficult.” This is quite surprising
if one considers that interaction with ribosomal RNA is one of
the major modes of action of antibiotics® and that small
regulate basic functions of
prokaryotes by interacting with riboswitches.*

Despite recent important promising developments in
computer-aided approaches for the rational design of RNA
binders such as Inforna pIatform,5 the most popular methods
for the identification and optimization of RNA ligands generally
rely on binding assays performed either on drug-like
compounds or fragments.6 However, many assays used for the
design of protein ligands are not fully adapted to the high-
throughput screening and quantification of RNA-ligand
interactions. As the RNA structure is known to be highly
sensitive to chemical modification, especially in the case of
conformationally flexible RNAs, any RNA labeling step
necessary for the binding visualization can induce
experimental bias leading to the selection of compounds that
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do not interact with the natural conformation of the native
biomolecule. Furthermore, the selective chemical modification
of a complex RNA might be problematic for large RNAs or
RNAs with modified nucleotides. Among the currently
available high-throughput screening techniques, those based
on heterogeneous binding assays (e.g., RNA microarray
technologies, SPR imaging) are unfortunately not always
representative of the interactions that could occur in
homogeneous solution and in particular
conditions.” Hydration shell is indeed known to strongly
influence the dynamic structure of RNA,% and solvation is a key
parameter to consider when investigating the binding of polar,
cationic ligands such as aminoglycosides in aqueous medium.’
Another popular screening method is the one based on
displacement assay in the presence of a fluorescent reporter.
Though this method enables to sensitively monitor
homogenous RNA-ligand binding interaction, it can be biased
by the general propensity of fluorescent groups to stack on
nucleotide bases. In seminal studies on the development of
high-throughput fluorescence screens, Rando and Hamasaki
have indeed reported that fluorophore-containing analogues
of paromomycin exhibit a ten-fold improved affinity to 16S
RNA constructs compared to paromomycin itself.® This result
suggests that the fluorophore is not a neutral tag and can
significantly contribute to the binding energy of the probe,
leading to the selection of tag-like (dyes-like) competitors.Zb

By virtue of their simplicity, short detection time, high
sensitivity in low volume samples, low-cost instrumentation,
compatibility with direct analysis in coloured or
transparent biological samples, and high-throughput capability
using disposable electrochemical microplates,11
electroanalytical methods appear as good candidates for
implementing simple and fast high-throughput RNA-ligand
binding assays. So far electrochemical monitoring of
oligonucleotide/small molecule interactions have been mainly
developed in the context of analytical applications in
combination with structure-switching aptamers immobilized
on an electrode surface for rapid and sensitive quantification
of target analytes.12 It is only recently that two studies have
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reported electrochemical detection strategies for monitoring
the homogeneous binding recognition between an aptamer
and a protein13 or a small molecule,* allowing thus to get rid
of drawbacks encountered with heterogeneous binding assays.
These two approaches are based on the electrochemical
measurement of diffusion rate difference between a small
redox-active compound free-to-diffuse in solution and the
same compound bound to its DNA aptamer.15

Taking advantage of a related simple flexible
electrochemical detection strategy, we report here that
homogenous electrochemical binding assay is not restricted to
the interaction study of a small molecule with an aptamer
specifically designed to recognise it, but can be extended to
the more general case of a relevant druggable RNA target and
non-redox active ligands.

The general principle of the competitive homogeneous
electrochemical binding assay we have developed for
characterizing the binding reaction between an RNA receptor
and a targeted small ligand is depicted in Fig. 1 (top).
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Fig 1. Top: General principle of the homogeneous competitive electrochemical
binding assay. The unbound electrochemical probe (blue triangle annotated with
Fc on the scheme) that competes with the unlabeled targeted ligand (green
square) for binding to RNA diffuses faster towards the electrode surface and
therefore, is more easily detected as compared to the bound form in a same
homogeneous solution. Bottom: A) Array of ten miniaturized screen-printed
electrochemical cells. B) The inset is a zoom on an individual electrochemical cell
showing the three screen-f)rinted electrodes and the surrounding dielectric layer
delimiting a circular well. Ref: Ag/AgCl reference electrode, WE: working
electrode, CE: counter-electrode. C) Droplet on the electrochemical cell.
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It relies on the monitoring by cyclic voltammetry (CV) of the
faradaic current response of a free-to-diffuse redox-labeled
ligand in solution in the presence of fixed RNA receptor
concentration and an increasing concentration of a non-
labeled targeted ligand, taking thus advantage of the
differential diffusion rates that exists between the redox-
labeled ligand under free and RNA-bound forms. The unbound
redox-labeled ligand, because of its smaller size, diffuses faster
towards the electrode surface and therefore, is more easily
detected as compared to the RNA-bound form in a same
homogeneous solution. The key advantages of this technique
are that it does not require any chemical modification of RNA
nor its immobilization on a solid support. Moreover, according
to the relative insensitivity of electrochemical methods to
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downscaling (in contrast to optical ones which sensitivity
depends on the Beer-Lambert law), the approach enables to
operate in very small volume samples, which is particularly
attractive for assays involving low-abundance or expensive
biological reagents. With the aim to achieve a large number of
experiments in parallel using small volume samples, and also
to demonstrate the high-throughput capability offers by this
approach, single-use arrays of 10 independently
addressable screen-printed electrochemical cells, well adapted
for performing the binding experiments in small droplets of 30
to 50 pL, were used (Fig. 1, bottom).

Aminoglycosides are natural product classes that target
ribosomal RNA and that were extensively used as a general
scaffold to devise RNA binders."® For this proof of concept, we
first investigated the binding of several aminoglycosides such
as neomycin 1, paromomycin 2 and neamine 3 to 16523 RNA, a
23-nucleotide hairpin mimicking the decoding A-site of
bacterial 16S ribosomal RNA. We first designed the redox
probe 4 (FcPRM) from paromomycin 2 substituted with a
ferrocenyl group in a position presumably not detrimental for
a binding to its natural target, the bacterial ribosomal 16S RNA
(Scheme 1). "
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Scheme 1. Aminoglycosides investigated in this study and synthesis of redox
probe 4 (FCPRM). (a) Reagents and conditions: Ferrocene carboxylate NBD ester,
DMSO, 12h, r.t. 32%. See ESI for details.

Electrochemical experiments were then achieved by CV to
characterize the new redox probe. The characteristic reversible
wave for the one-electron oxidation of the ferrocenyl group
was observed at a formal potential E°=+0.38V (vs. Ag/AgCl) in
a 10 mM MES buffer at pH 5.5 supplemented with 150 mM
NaCl and 0.1 mM EDTA. Throughout the entire CV
measurements, we were able to witness the stability of this
water-soluble ferrocenoyl derivative which comforted us in the
use of this molecule as a redox-active probe.

The binding of the FcPRM probe to 16523 RNA was first
characterized by NMR spectroscopy. 1D and TOCSY
experiments confirmed that 4 and paromomycin share the
same binding site on 16523 RNA (Fig. S4, ESI) despite the
presence of the ferrocenyl moiety. We next investigated the
CV peak current intensity change upon addition of increasing
quantity of RNA (Fig. 2).
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Fig 2. Measurement of Kp between compound 4 (15 uM) and 16523 RNA by CV in
10 mM MES buffer (pH 5.5) supplgmented with 150 mM NaCl and 0.1 mM EDTA.
Left: CVs (scan rate v = 0.1 V.s) of compound 4 (15 uM) upon addition of
increasing amount of 16523 RNA. Right: Normalized anodic peak current
response as a function of 16523 RNA concentration. Kp is indicated with a 95%
confidence interval in bracket. See ESI for details.

As expected, the 16523 RNA/FcPRM complex diffuses at a
slower rate to the electrode surface than the free form of the
probe, and the addition of RNA hence gradually led to a
decrease of the anodic and cathodic peak currents (Fig. 2, left).
The dissociation constant value (Kp) of the probe was
recovered from the non-linear least-square hyperbolic
regression fitting of the titration curve (conducted in
triplicates) obtained by plotting the variations of the anodic
peak current (Fc*) as a function of RNA concentration (Fig. 2
right and Fig. S2, ESI). A one binding site model was used
assuming a dynamic equilibrium between the free and bound
reduced and oxidized forms of FcPRM on the time scale of the
CV experiments (i.e. binding reactions were considered as fast
and always at equilibrium in comparison to the electron
transfer kinetics).18 An average Kp of 7.8 uM could be
extracted from the three independent CV titrations. To assess
the reliability of the method, the dissociation constant of
16523 RNA/FcPRM complex was independently determined by
Isothermal Titration Calorymetry (ITC)'® (Fig. S3, ESI). A Ko
value of 9.3 puM was obtained which is close to that
determined electrochemically, clearly demonstrating the good
reliability of the electrochemical binding assay. Therefore, the
proper binding of compound 4 to the 16523 RNA hairpin and
the demonstration that we can efficiently determine the Kj
value of the 16523 RNA/FcPRM complex by CV supported the
use of FcPRM 4 as a displaceable redox spy probe to monitor
aminoglycoside/RNA interactions electrochemically. It is worth
to note that, concomitantly to the peak currents decrease, a
progressive negative shift of the formal potential of the
reversible wave was observed with the increasing amount of
RNA. On the basis of this negative shift of the formal potential
at the end of the titration (i.e., AE ~ -30 mV), the relative
affinity binding between the oxidized and reduced form of the
redox probe (ie., AE = - RT/F Ln (Kpo/Kpres) ) can be
estimated. This leads to a 2.6-fold increase in the affinity
binding of the oxidized form (i.e., ferrocenium) of the
ferrocene-labeled paromomycin (i.e. Kpox = 3.0 puM) compared
to its neutral reduced form, an effect that might be attributed
to the positive charge generated on the ferrocenyl moiety that
may help to further stabilize the binding to RNA.

We then investigated the binding of several aminoglycosides
such as neomycin 1, paromomycin 2 and neamine 3 to 16523
RNA by competition experiments. Experiments were first

This journal is © The Royal Society of Chemistry 20xx

conducted using paromomycin 2. A progressive displacement
of the redox probe 4 could be monitored through the increase
of both oxidation and reduction current intensities upon
addition of an increasing amount of paromomycin 2 to the pre-
equilibrated probe 4/16523 RNA complex. A K value of 1.5 uM
was estimated based on the anodic current variation as a
function of paromomycin concentration and the previously
determined Kp of FcPRM (Fig. 3A). Interestingly, this
competition experiment showed that paromomycin 2 and
paromomycin-derived probe 4 bind to 16523 RNA with very
close dissociation constants, 4 being only slightly less affine.
This lower affinity might be explained by lower electrostatic
interactions with compound 4 due to the presence of the
neutral ferrocenyl group in place of the positively charged
amino group in 2. Overall, this result confirms that the
ferrocenyl moiety, as opposed to fluorophores, does not
significantly  alter  the interaction of  conjugated
aminoglycosides with RNA.
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Fig 3. Electrochemical competitive bindin$ curves obtained in the presence of
FCPRM 4 (29 puM for A and B, and 27 uM for C), 16523 RNA (0.7 or 1.3 eq) and
increasing amount of the competing aminoglycoside. Normalized anodic peak
current responses as a function of competitor concentrations. (A) paromomycin,
(B) neomycin, and (C) neamine. See ESI for details.

The dissociation constants of two other aminoglycosides, i.e.
neomycin (Fig. 3B) and neamine (Fig. 3C), to 16523 RNA were
also determined by competitive electrochemical binding
experiments. Interestingly, Kp values of 0.09 uM and 22 uM
were obtained for neomycin 1 and neamine 3, respectively.
The Kp values of these three aminoglycosides for 16523 RNA
are in agreement with ranking previously obtained using other
techniques such as ITC,20 SPR,21 or F NMR spectroscopy.22
These results definitely validate the use of the present
electrochemical detection strategy for screening and ranking
16S RNA binders with affinities ranging from 0.1 to 20 uM with
a single redox probe.

We then investigated whether redox probe 4, designed to
quantify the interaction with 16523 RNA, could be used with
other RNA-small molecule pairs. For this purpose, we
investigated if FCPRM 4 could be a ligand for a known
neomycin riboswitch (Neo—switch)23 and if we could quantify
the interaction of neomycin with its riboswitch by our method.
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First, we checked by NMR spectroscopy that FCPRM 4 binds to
the neomycin riboswitch and does not prevent its folding (Fig.
S8, ESI). Then, a K, value of 480 nM between the redox 4 and
Neo-switch could be determined using CV (Fig. 4A and Fig. S9,
ESI). Finally, a competition titration with neomycin 3 and the
Neo-switch bound to FCPRM 4 could be monitored by CV (Fig.
4B and Fig. S10, ESI), leading to the determination of a Ky value
close to 10 nM.
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Fig 4. (A) Measurement of KD between compound 4 and Neo-switch by CV in 10
mM MES buffer (pH 5.5) supplemented with 150 mM NaCl and 0.1 mM EDTA. (B)
Competition experiment monitored by CV with neomycin 3. See ESI for details.

In conclusion, we have demonstrated that ferrocene-labeled
paromomycin can be used as an efficient redox spy probe to
evaluate the binding of several aminoglycosides to 16S RNA or
to an RNA riboswitch, taking advantage of an electrochemical
homogeneous competitive binding assay in a few microliter
sample volumes. This work is the first demonstration of the
use of CV to detect and quantify the interaction between small
molecules and a biological target RNA in an homogeneous
screening assay. This proof of concept highlights the simplicity,
rapidity and low cost of this method, which does not require
any functionalization of neither the target RNA nor the ligand
or the electrodes. The generality of this method is illustrated
by the fact that the same probe can be used for the evaluation
of binding affinities of several small molecules for different
RNA targets. As aminoglycosides are general RNA-friendly
ligands, we can assume that redox probe 4 could be used for
the investigation of RNA-ligand interaction with many other
RNA targets.16 Finally, this technique, able to quantify from
micromolar to nanomolar interactions, could potentially be
developed for high-throughput binding assays, wherein the
binding of several organic molecules to RNA would be tested in
using disposable 96-well
electrochemical microtiter plates.11 This work is currently
under investigation in our laboratories.
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