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ABSTRACT: Structured RNAs bind ligands and are attractive targets for
small-molecule drugs. A wide variety of analytical methods have been used to
characterize RNA−ligand interactions, but our experience is that most have
significant limitations in terms of material requirements and applicability to
complex RNAs. Surface plasmon resonance (SPR) potentially overcomes
these limitations, but we find that the standard experimental framework
measures notable nonspecific electrostatic-mediated interactions, frustrating
analysis of weak RNA binders. SPR measurements are typically quantified
relative to a non-target reference channel. Here, we show that referencing to a
channel containing a non-binding control RNA enables subtraction of nonspecific binding contributions, allowing measurements of
accurate and specific binding affinities. We validated this approach for small-molecule binders of two riboswitch RNAs with affinities
ranging from nanomolar to millimolar, including low-molecular-mass fragment ligands. SPR implemented with reference subtraction
reliably discriminates specific from nonspecific binding, uses RNA and ligand material efficiently, and enables rapid exploration of the
ligand-binding landscape for RNA targets.

■ INTRODUCTION
RNA molecules have a pervasive ability to bind small
molecules, extending from natural ligands that bind ribos-
witches1 and the ribosome,2 to ligands that bind artificially
selected aptamers,3,4 to potential small-molecule therapeu-
tics.5,6 Established methods for measuring RNA−small-
molecule binding include in-line probing,7,8 chemical prob-
ing,9−12 electrophoretic mobility shift assays,13 circular
dichroism,14 fluorescence of 2-aminopurine-substituted
RNA,15,16 fluorescent indicator displacement,17 nuclear mag-
netic resonance,18,19 microscale thermophoresis,20 equilibrium
dialysis,21 size exclusion filtration,22 isothermal titration
calorimetry (ITC),23,24 and surface plasmon resonance
(SPR).25,26

In our own laboratory, and through conversations with
colleagues in the field, we find that many strategies used to
monitor RNA−small-molecule interactions have notable
weaknesses. In particular, while the approaches outlined
above can perform well in individual cases, we find that the
above methods (i) require that large ligand-induced structural
changes occur in the RNA, (ii) fail or have significant
challenges when applied to complex RNAs, longer than simple
or irregularly paired helices, or (iii) require large quantities of
RNAs and ligands.
For larger RNAs with complex structures, our laboratory has

found that two analytical methods are consistently promising:
ITC and SPR. ITC enables label-free and direct thermody-
namic measurements of ligand−macromolecule binding27 and
has been extensively and successfully used to measure diverse
RNA−small-molecule interactions.19,28−31 Indeed, ITC meas-

urements are often taken to be a gold standard for
characterizing binding interactions. However, ITC is low-
throughput and consumptive of material, often requiring
milligrams of RNA for a given program. SPR can be used to
measure both the kinetics and thermodynamics of biomo-
lecular binding events.32 In an SPR experiment, one binding
partner (termed the target here) is immobilized on a
chemically functionalized gold surface, and the other binding
partner (the analyte) is flowed across the surface in solution.
Binding interactions cause a change in the refractive index near
the surface, detected optically as an SPR response, generally
expressed in response units (RU) (Figure 1).32 SPR directly
monitors small-molecule binding to the target RNA and, as a
microfluidic platform, uses RNA and ligand material efficiently.
SPR is scalable to moderately high-throughput workflows and
has been broadly applied to diverse binding interactions, from
large biomolecules33 to low-molecular-weight fragment com-
pounds.34

SPR experiments, using current-generation high sensitivity
biosensors, are performed in a reference subtraction mode
because injection of the analyte into the flow cell changes the
refractive index of the solution and generates a binding-
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independent bulk response. To detect the target-specific
binding response, the signal from a no-target reference flow
cell is subtracted.35 The reference flow cell is typically an
empty cell, free of immobilized target (Figure 1A).
Alternatively, a control molecule can be immobilized in the
reference flow cell to better match experimental conditions
between the active and reference flow cells. This latter strategy
has been used in small-molecule fragment screens against
protein targets to increase confidence that an experiment
measures specific binding events.34 We have found that
nonspecific binding of candidate ligands to RNA, in part
mediated by electrostatic interactions, often convolutes
analysis of RNA-binding ligands by SPR, especially for weak
binders.
Here, we explore reference subtraction as a strategy for

measuring specific RNA−small-molecule interactions by SPR.
We used a mutant or noncognate RNA, monitored in parallel
to the target RNA, to control for the bulk sensor response and
to enforce target specificity (Figure 1B). By analyzing well-
characterized RNA−ligand pairs, spanning a wide range of
binding affinities, we demonstrate that this experimental
strategy yields dissociation constants that agree with those
measured by other methods, including ITC. We provide
guidelines for using SPR to examine RNA−small-molecule
binding with the hope that this approach will broadly facilitate
future efforts to target structured RNAs with small molecules.

■ MATERIALS AND METHODS
SPR Instrumentation and Running Buffers. SPR

experiments were performed on a Biacore 8K SPR instrument
(GE Healthcare Life Sciences). The flow cell was maintained
at 25 °C. The running buffer was designed to mimic
physiological-like chelated-Mg2+ conditions that increase

RNA stability and function;36 buffer consisted of 10 mM
HEPES, pH 7.4, 150 mM NaCl, 13.3 mM MgCl2, 96 mM
glutamic acid, 0.05% TWEEN-20, and 1% DMSO. For the salt
concentration dependence analysis (Figure S1), a modified
running buffer was used (10 mM HEPES, pH 7.4, 2 mM
MgCl2, 0.05% TWEEN-20, and 1% DMSO, with 150 or 1000
mM NaCl). All solutions were prepared under RNase-free
conditions with Milli-Q filtered water and sterile filtered
through 0.2 μm filters (Thermo Scientific) before use.
RNA Preparation and Immobilization. 5′-Biotinylated

RNAs were purchased from either Horizon Discovery or
Integrated DNA Technologies and used without further
purification. Prior to immobilization, RNAs were diluted to 1
μM in nuclease-free water, heated to 95 °C for 2 min, and then
snap cooled on ice for 2 min. RNAs were then diluted to 500
nM with an equal volume of 2× running buffer and folded for
30 min at 37 °C before cooling to room temperature. RNA
immobilization was carried out on streptavidin-functionalized
sensor chips (Series S Sensor Chip SA, Cytiva). Immobiliza-
tion involved a series of three injections of 1.0 M NaCl, 50 mM
NaOH at a flow rate of 10 μL/min for 1 min to prepare the
chip surface, followed by an injection of the RNA at 500 nM in
running buffer, injected at a flow rate of 5 μL/min for 3−12
min depending on the desired immobilization level. Immobi-
lization rates vary as a function of RNA size, concentration,
biotinylation efficiency, and flow rate. Immobilization levels
can be predictably fine-tuned by adjusting the contact time in
the flow cell. Generally, immobilization levels of 2000−3000
RU were achieved and proved sufficient for small-molecule
binding analysis. Following immobilization, buffer lines
(excluding the flow cell) were washed with 1.0 M NaCl, 50
mM NaOH, and 50% isopropanol. Immobilized RNAs
remained stable on the sensor chips over several days, although

Figure 1. Overview of reference subtraction in an SPR experiment. (A) Referencing to a blank flow cell controls for bulk refractive index changes
and allows quantification of the total surface-binding signal. (B) Use of a nonbinding RNA in the reference flow cell allows additional subtraction of
the signal due to nonspecific analyte−macromolecule binding.
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signal-to-noise ratios gradually decreased over time, as
expected given the chemical lability of RNA at ambient
temperature.
Preparation of Small-Molecule Analytes. In general,

compounds were dissolved in DMSO at 1.0 M or 100 mM,
then diluted 100-fold into a running buffer without DMSO,
yielding a final DMSO concentration of 1%. Highly water-
soluble compounds were dissolved directly in running buffer
(1% DMSO) before dilution. After verifying solubility, analytes
were serially diluted in running buffer in half-log (3.16-fold)
increments to afford the final concentration series for analysis.
Typically, nine concentrations covering a 10,000-fold concen-
tration range yielded convincing binding data and made
efficient use of a single 96-well plate. Solutions of small-
molecule analytes were plated in 96-well U-bottom poly-
propylene plates (Greiner) and covered with microplate foils
(Cytiva) prior to injection (to prevent evaporation).
Data Collection and Analysis. SPR analysis of com-

pounds followed a multi-cycle affinity workflow: three running
buffer injections (2 min at 30 μL/min) were performed to
condition the chip surface. Subsequently, compounds were
injected in a series of 10 injections (3 min analyte association,
followed by 4 min dissociation, at 30 μL/min), starting with
the no-analyte control, then increasing by analyte concen-
tration (this scheme reduces carryover artifacts from high
analyte concentrations). Each analyte injection sensorgram was
double-reference subtracted: First, the signal from the
reference flow cell (containing bare streptavidin or noncognate
RNA) was subtracted to remove bulk solution contributions
and nonspecific binding from the SPR signal. Second, the no-
analyte injection signal was subtracted from all subsequent
analyte injection sensorgrams to improve the baseline
stability.35 The steady-state SPR response for each injection
was recorded as a 5 s average, beginning 10 s before the end of
the association phase. All sensorgrams were examined
qualitatively to confirm steady-state binding and full
dissociation, consistent with established guidelines.37

Measuring Affinities for Tight-Binding Ligands. Thi-
amine pyrophosphate (TPP), the native ligand of the TPP
riboswitch and the highest-affinity compound studied,

exhibited slow dissociation rates such that the analyte was
retained on the immobilized target during the standard
dissociation period, reducing the response amplitude of
subsequent injections. To measure binding of the TPP ligand,
we therefore accelerated TPP dissociation by performing
injections with no-Mg2+ running buffer (10 mM HEPES, pH
7.4, 150 mM NaCl, 96 mM glutamic acid, 0.05% TWEEN-20,
and 1% DMSO; 2 min at 30 μL/min) between each analyte
injection (Figure S2).
Fitting of SPR Data to Obtain KD. Steady-state SPR

responses for each analyte injection as a function of analyte
concentration were fit (GraphPad Prism) by least-squares
regression to a total binding model

R R
K

NS
Analyte

( Analyte )
Analytemax

D
= [ ]

+ [ ]
+ [ ]

(1)

where R is the observed SPR response in RU, Rmax is the
maximal SPR response at the saturating analyte, KD is the
binding dissociation constant in units of molar concentrations,
NS is the slope describing linear and nonspecific binding, and
[Analyte] is the small-molecule analyte concentration in the
mobile phase. If NS is zero, this equation is equivalent to that
for one-site binding. For most of this work (Figures 2−4, and
S1), all parameters in eq 1 were unrestricted. For global ligand
analysis (Figure 5 and S2, Table S1 and S2), the nonspecific
binding coefficient NS was fixed at 0. All binding titrations
were performed in triplicate. Best-fit values for KD and NS are
reported ±standard error, based on the symmetric confidence
interval from global data fitting.
Estimating Rmax for Nonsaturating Ligands. In cases

where weak binders are unable to fully saturate the
immobilized target, binding curves can be approximated by
estimating Rmax as

37,38

R N R
MW

MW imax
Analyte

Target
=

(2)

where Rmax is the maximal SPR response for single-site
saturated binding, MWAnalyte and MWTarget are the molecular
weights of the free and immobilized binding partners,

Figure 2. Small molecules bind RNA in both specific and nonspecific modes. (A) Secondary structures of the TPP and SAM-III riboswitch RNAs
and their ligands Z1 and SAM, respectively. (B) SPR sensorgrams and (C) binding curves for each small-molecule analyte. Sensorgrams and
regions of the fits indicative of nonspecific binding are emphasized in red.
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respectively, Ri is the SPR response observed during target
immobilization, and N is a heuristic parameter, representing
the fractional response. The following features can affect the eq
2 relationship and N: (i) analytes vary in their contribution to
the SPR response: nucleic acids exhibit a SPR response that is
about 30% greater by mass concentration than that for
proteins,39 and SPR responses of small molecules of a given
mass vary by as much as two-fold.40 (ii) The Rmax relationship
assumes that all immobilized RNA is intact, properly folded,
and available for ligand binding. (iii) Conformational changes
in nucleic acids can affect an SPR binding response.41,42

■ RESULTS
Specific and Semispecific Ligand Binding to RNA. To

evaluate SPR as a method for measuring RNA−small-
molecule-binding affinities, we initially focused on two
RNA−ligand pairs: a synthetic ligand developed in our
laboratory that binds to the Escherichia coli TPP riboswitch,31

termed Z1, and S-adenosyl methionine (SAM), the cognate
ligand for a crystallography-optimized construct of the
Enterococcus faecalis SAM-III (SMK box) riboswitch.22 These
compounds bind to their target riboswitches with sub-μM
affinity at a single site. Each RNA construct consisted of only
the riboswitch aptamer domain to avoid complications arising
from RNA structural rearrangements (Figure 2A). The
riboswitch RNAs were immobilized in SPR flow cells to
∼2600 RU, and small-molecule analytes were injected. For
each analyte injection, the signal from a no-target reference
flow cell was subtracted to remove the binding-independent
bulk response. Concentration-dependent SPR responses were

observed for both RNA−small-molecule pairs (Figure 2B).
However, evidence for nonspecific binding is visible in the Z1
sensorgrams by a transition from rectangular profiles at low
ligand concentrations, indicative of rapid steady-state binding
kinetics, to upwardly sloping profiles at high ligand
concentrations, indicative of slow, non-steady-state binding
(Figure 2B, top). For the SAM ligand, the amplitude of the
sensorgrams initially plateaus but then increases at high ligand
concentrations, also suggestive of nonspecific binding (Figure
2B, bottom). The resulting data then fit poorly to a single-site
binding model in both cases but yield a notably better fit using
a total binding model that includes a linear, nonspecific
binding term (Figure 2C, eq 1).
Given the negatively charged phosphoribose backbone of

RNA, we suspected that one predominant contributor to
nonspecific binding was electrostatic attraction to the
positively charged small molecules. Increasing the concen-
tration of Na+ ions in the running buffer reduced, but did not
eliminate, nonspecific binding, suggesting that high ionic
strength buffer partially, but incompletely, shields electrostatic
interactions (Figure S1). Nonspecific binding has been
observed previously in SPR experiments that measured
interactions between RNA and small molecules, particularly
with cationic aminoglycoside antibiotics.26,43 In our experi-
ence, nonspecific binding is most pronounced for positively
charged ligands but can occur with broad classes of ligands. For
high-affinity binders, specific and nonspecific binding regimes
are often sufficiently distinct to be resolved by data fitting to eq
1. However, to accurately measure weak binding affinities,
including those of fragment ligands, a superior strategy would

Figure 3. Referencing to mutant RNA subtracts nonspecific binding. (A) Mutations (blue) introduced in the binding sites for the TPP and SAM-
III riboswitch RNAs to disrupt specific binding. (B) Representative SPR sensorgrams (left) and binding curves (right) with and without a binding
site mutant in the reference channel. Arrows emphasize the effect of incorporating the reference RNA. (C) Values for KD and NS (eq 1) as a
function of the reference channel.
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involve subtracting the nonspecific binding signal via an
improved experiment.
Mutant Referencing Subtracts Nonspecific Binding.

SPR signals are measured by comparison to a reference
channel, and we reasoned that a noncognate RNA immobilized
in the reference flow cell would allow for subtraction of signals
due to nonspecific binding of small-molecule analytes (Figure
1B). Based on the crystal structures of the TPP and SAM-III
riboswitch RNAs,22,44 we designed RNA constructs with
targeted mutations in each ligand-binding site to disrupt
specific target engagement (Figure 3A). When SPR experi-
ments were performed with the native sequence and mutant
RNAs in the active and reference flow cells, respectively, the
SPR responses for Z1 and SAM were attenuated at high
analyte concentrations. For example, in the case of Z1, the
sensorgram shape was greatly improved at high analyte
concentrations, with profiles indicative of fast binding kinetics
and one-site interaction typical of small molecules (Figure 3B,
top). When data from each concentration series were fit to eq
1, the slopes characterizing nonspecific binding were
significantly reduced for experiments performed with reference
RNA subtraction (Figure 3C). Thus, using a non-binding RNA
in the reference channel, SPR responses for two RNA−small-
molecule pairs were characterized by simple single-site binding,
and nonspecific binding effects were removed.
Analysis of Reference Mutant Specificity. The

reference RNA mutants used for this first set of experiments
were “high information” constructs, designed based on known
binding sites, as visualized in high-resolution structures. To be
broadly useful, nonspecific subtraction should be implemented
with a generic, “low information” reference RNA. We analyzed
Z1 binding to the TPP riboswitch using alternative RNAs in

the reference flow cell, including the original binding site
mutant, a mutant that deletes the P4 helix (ΔP4), the SAM-III
riboswitch RNA, and a structured RNA of arbitrary sequence,
corresponding to decreasing levels of binding site information
(Figure 4A).
Encouragingly, referencing to the non-cognate SAM-III

riboswitch achieved the same level of nonspecific subtraction
as the targeted binding site mutant, and measured KD values
were virtually the same for both reference RNAs (Figure 4B).
Referencing to the ΔP4 helix mutant eliminated nonspecific
binding but also reduced overall signal amplitude. The ΔP4
helix mutant contains an intact portion of the TPP riboswitch
ligand-binding site, and Z1 may show some semispecific
binding to both target and reference RNAs, resulting in over-
subtraction. Use of the de novo-designed structured RNA
yielded notable, but modest, improvement over the blank
reference experiment but did not fully reduce non-specific
binding at high concentrations of Z1. This RNA likely was too
structured, containing too few single-stranded elements, to
adequately capture nonspecific binding to Z1.
Validation on Known RNA−Ligand Pairs. To further

examine reference-subtracted SPR, we examined a set of
compounds known to bind each of our RNA targets (Table
S1). For the TPP riboswitch, the compounds examined bind
with nanomolar to millimolar equilibrium dissociation
constants, as measured by ITC.31,45 We also examined TPP
and its derivative thiamine, for which the binding affinities have
been measured by numerous biophysical methods.7,14,19,46 For
the SAM-III riboswitch RNA, we examined SAM and S-
adenosyl homocysteine (SAH). SAM binds with sub-μM
affinity, as measured by ITC, size exclusion filtration, and
fluorescence quenching of a 2-aminopurine-substituted

Figure 4. Impact of reference RNA choice on nonspecific binding subtraction. (A) Secondary structures of RNAs used for reference subtraction.
Note that the binding site mutant requires high levels of prior structural knowledge, whereas the ΔP4 mutant, SAM-III riboswitch, and structured
RNA controls do not. (B) SPR responses for Z1 binding to the TPP riboswitch, using subtraction with different reference RNAs. (C) Values of KD
and NS (eq 1) for Z1 binding the TPP riboswitch as a function of reference RNA.
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RNA.22,47 Using the reported 2-aminopurine fluorescence
assay, we measured a KD for SAH of 80 μM. Collectively, these
compounds have low molecular masses, span a broad range of
binding affinities, and are representative of compounds that
might be identified or explored in RNA ligand analysis or hit
identification projects.
We evaluated the binding affinities of these compounds by

SPR, referencing to the binding-site mutants designed to serve
as controls for each riboswitch construct. The resulting SPR
responses were fit to a single-site binding equation with the
nonspecific binding term set to zero (Figure S2). Measured
SPR dissociation constants show excellent correlation with
reported affinities measured by ITC and other methods
(Figure 5, Table S1). Interestingly, we find that the best-fit

experimental values for Rmax average 0.6-fold of the value
predicted based on simple consideration of relative mass (eq 2,
Table S2). This observation provides a guideline for
interpreting future SPR measurements of RNA−ligand bind-
ing. Broadly, SPR with reference subtraction yields accurate
equilibrium dissociation constants for RNA-binding ligands
across a wide range of affinities.

■ DISCUSSION
We examined the ability of SPR to measure RNA−ligand-
binding affinities, spanning over five orders of magnitude. We
demonstrate that incorporating a suitable reference RNA

subtracts nonspecific binding, which appears widespread across
the RNA ligands studied here. For the ligands studied here,
electrostatic interactions appear to be the predominant
mechanism of nonspecific binding. Reference subtraction will
likely similarly control for nonspecific binding by other
mechanisms, including nonspecific stacking and intercalation.
Use of a reference RNA additionally equalizes macromolecular
crowding near the active and reference surfaces, which can
influence SPR responses at high analyte concentrations.
Reference RNAs can be designed to enforce varying levels of
specificity, from high-information constructs that select for
binding-site-specific interactions, to noncognate reference
RNAs that tolerate a greater variety of binding modes. For
investigating novel binding interactions, it may be advanta-
geous to work with multiple reference RNAs, to test for the
possibility of under- and over-subtraction. Reference sub-
traction is most effective when the target and reference RNAs
are immobilized to similar RU values, corresponding to equal
loading of RNA (by mass) on each surface. In our view, SPR
with reference subtraction becomes a first-choice strategy for
measuring affinities of RNA−ligand interactions.
SPR offers multiple advantages for measuring RNA−ligand

binding. Experiments are performed with a few micrograms of
biotinylated RNA. Small RNAs can be produced synthetically,
while larger RNAs can be produced by in vitro transcription
and then end-labeled with biotin by chemical or enzymatic
methods.48−50 Structurally complex RNAs, which are likely to
feature binding pockets that make them attractive targets for
selective small-molecule probes,6 are readily examined. We
consistently observe that SPR can successfully measure binding
affinities of low-molecular weight, weakly binding (fragment)
ligands. Fragment screens have been widely adopted,51 and
growing evidence supports that fragment-based screening is
well-suited for targeting RNA.31,52,53 The orthogonal methods
outlined in the introduction yield valuable information about
RNA−ligand binding, including thermodynamics (ITC); RNA
structure, ligand engagement, and conformational rearrange-
ments (chemical probing); and atomic-resolution binding
modes (NMR). SPR surpasses these methods in throughput
and efficient use of material. The SPR strategy described here
does not meet the throughput demands for first-round
screening, but is a powerful tool for validating potential
ligands and for efficiently guiding development of high-affinity
analogues.
Two limitations arise from our work that are specific to

RNA−small-molecule SPR. First, despite careful experimenta-
tion, we observe that analyte binding responses slowly diminish
after RNA immobilization, likely due to a combination of
physical RNA degradation and formation of non-binding RNA
conformations, reducing analyte binding responses. The
biotin−streptavidin immobilization used here is essentially
irreversible, and thus signal degradation renders the target-
immobilized sensor chip surface unusable after several days,
limiting assay throughput. Second, we observe that larger
RNAs immobilize more slowly and to a lower maximum
response than smaller RNAs, possibly due to limited diffusion
into the dextran matrix of the sensor chip surface. This lower
mass of immobilized RNA, compounded by the higher-
molecular weight of such targets, means that ligand-binding
responses for large RNAs can be low. Based on our experience
with RNA immobilization levels and maximal ligand responses,
we estimate that RNAs shorter than 200 nucleotides will be
consistently good candidates for measurements of ligand

Figure 5. Correlation between dissociation constants determined by
SPR with those obtained using other methods. KD values for ligands
of the TPP (black) and SAM-III (blue) riboswitch RNAs measured
by SPR, using a binding-site mutant RNA for reference subtraction
(Figure 3), plotted vs values determined by ITC and other methods
(Table S1). Correlation analysis is based on values for log(KD).
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binding by SPR; we have successfully applied SPR to RNAs of
∼300 nucleotides in favorable cases. For RNAs longer than
300 nucleotides (∼100 kDa), the maximal expected SPR
response for a small-molecule ligand falls below 1 RU,
comparable to instrument background noise.
In sum, SPR is highly sensitive, moderate throughput, and

material efficient, making it an attractive platform for
measuring RNA−ligand binding. When implemented with
reference subtraction, SPR reliably discriminates specific and
nonspecific binding, a principal concern of ligand development
programs. We anticipate that, with the examples and guidelines
described here, SPR merits widespread consideration as a first-
choice method for measuring RNA−ligand-binding affinities
and will accelerate discovery of RNA-targeting ligands, and
ultimately, entry into therapeutics.
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